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CHAPTER 1 : INTRODUCTION AND THESIS STATEMENTS
1.1. THERMOELECTRICS
Thermoelectric materials salvage waste heat by converting it to electricity and therefore
act as an environmentally friendly technology for energy efficiency. A majority of the energy
generated in the United States is lost as heat, making waste heat plentiful and cheap.1 However,
the practicality of alternative energy has been limited by high cost in comparison to coal.1 The
roadblocks to widespread application of thermoelectric materials beyond niches such as space
station generators are the lengthy and complex preparation of materials,2-9 the expense, rarity,
and toxicity of component materials,10-18 and the low figure of merit, ZT.
Thermoelectric materials are inherently or intentionally doped as p-type or n-type. For ntype, as displayed in Figure 1.1, electrons are easily excited from an occupied energy level near
the top of the band gap by heat (IR radiation, hν) to provide excited electrons as charge carriers.
These excited electrons, e*, are accelerated from the hot end to the cold end by a temperature
difference, ΔT, resulting in a negative charge at the cold end and a voltage difference, ΔV, across
the length of the material. The voltage difference per temperature difference is known as the
Seebeck Coefficient or thermopower, = –ΔV/ΔT. In p-type materials, electrons are excited to
an available molecular orbital towards the bottom of the bandgap, resulting in holes, h+, which
are accelerated toward the cold end to result in a voltage difference with a difference in
temperature. The thermopower, electrical conductivity, , and thermal conductivity, tot,
along with the average temperature, T, determine ZT by the equation ZT =T2tot. The factors
,, andtot are interrelated, and the thermopower and electrical conductivity are often inversely
related, making achievement of high ZT (≥1) challenging. To further complicate matters, the
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total thermal conductivity (tot) is the sum of electronic charge carrier (C) and lattice (L)
contributions; so, C increases with  leading to increased tot.

Figure 1.1 Electrons (dark blue) at the hot end of an n–type semiconductor excite to the conductance band by absorption of heat
(h), resulting in the hole and excited electron, h+ and e*, respectively, which travel toward the cold end at different rates.

1.2. TRADITIONAL THERMOELECTRIC MATERIALS (BULK)
Traditional bulk thermoelectric materials are crystalline semiconductors with a bandgap
that allows thermal excitation of electrons to generate the carriers.19 The fact that they are
crystalline allows transport of carriers; however, the semiconductor bandgap limits electrical
conductivity in comparison to metals.

This limits the electrical contribution to thermal

conductivity (C). The C is determined by the Wiedeman–Franz Law from the electrical
conductivity as C = L, with L as the Lorenz number for degenerate semiconductors
(generally 2.45 x 10–8 W ohm K–2) and T as temperature.19-20 The bulk materials demonstrate
low lattice thermal conductivities due to incorporation of heavy elements. This is consistent with
the Keyes’ equation, where L is mainly limited by destructive interference of phonons, also
referred to as phonon–phonon scattering:21
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In Keyes’ equation,  is the mean atomic mass, R is the ideal gas constant, m is the melting
point,  is the density,  is the Grüneisen constant,  is the fractional amplitude of the interatomic
thermal vibration, and 𝛮0 is Avogadro’s number. The L decreases proportionally to 𝛢

−7⁄
6,

allowing heavy elements to decrease the thermal conductivity. This is why thermoelectric
materials often rely on bismuth or lead cations and tellurium anions.
The compounds lead telluride (PbTe), silver antimony telluride (AgSbTe2), alloys of
AgSbTe2 with germanium telluride ((AgSbTe2)1-x(GeTe)x) or TAGS (tellurium-antimonygermanium-silver), and bismuth telluride based materials (Bi2Te3 or CsBi4Te6) are considered
traditional thermoelectrics.19 This series of materials exhibit optimized ZT values of 0.8 to 1.5
over a wide range of operating temperatures as displayed in Figure 1.2.

Therefore, the

thermoelectric material for an application can be chosen by matching the maximum ZT with the
operating temperature.

Figure 1.2 ZT values at operation temperatures for traditional thermoelectric materials CsBi4Te6, Bi2Te3, PbTe, AgSbTe2, and
(AgSbTe2)1-x(GeTe)x.
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Optimally doped bismuth telluride exhibits a ZT near unity at relatively low temperatures
(~350–400 K). The pure, bulk material is a semiconductor with a narrow (Eg = 0.15 eV)
bandgap, and a rhombohedral crystal structure that results in layered planes held together by Van
der Waals forces.22 A ZT of 0.5 is achieved with a relatively low lattice thermal conductivity of
2.4 W m-1 K-1 for pure Bi2Te3. The ZT is greatly increased to 0.9 by substitutional doping of
antimony for bismuth (Bi2-xSbxTee3, x=1.5) due to a decrease in the thermal conductivity to 1.5
W m-1 K-1. The decreased thermal conductivity is caused by impurity scattering, where the
antimony acts as a mass impurity to scatter phonons.19 A similar ZT of 0.8 is obtained at even
lower temperatures (225 K) for CsBi4Te6.23 The material consists of Cs+ sandwiched between
planes of Bi4Te6–. The ability to perform at lower temperature than Bi2Te3 stems from a much
smaller bandgap of 0.08 eV due to the presence of unique Bi2+–Bi2+ bonds.
Bulk PbTe is a semiconductor (Eg= 0.32 eV) with a rock salt structure like NaCl, and a
ZT of ~0.4 (300 K). The larger bandgap of PbTe is consistent with a much higher optimal
operating temperature (625–675 K) than demonstrated for Bi2Te3. The ZT increases to 0.8−1.0
at 650 K by n-type doping with iodide to increase the electrical conductivity.24-25 The iodide
doping results in occupied molecular orbitals in the bandgap from which electrons can be easily
excited to the conduction band. This increases the power factor by increasing the electrical
conductivity.10, 24-25 High temperature performance is enhanced by a decrease in lattice thermal
conductivity from 2.2 W m-1K-1 at room temperature to 1.1 W m-1K-1 at 650 K.

The

thermopower can be increased by incorporation of thallium while maintaining low lattice thermal
conductivity to reach a ZT of 1.5 at 773 K.26 Thus, the low lattice thermal conductivity acts as
starting point, and optimization of the electronic properties can achieve increased ZT if the low
thermal conductivity can be maintained.
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Silver antimony telluride (AgSbTe2) exhibits a ZT as high as 1.3 at high temperature (720
K), but the thermoelectric properties vary with the method of sample preparation.27-28 AgSbTe2
is a semiconductor with a bandgap varying from Eg = 0.2–0.6 eV.29 This variation stems from
the site distribution of Ag and Sb.27 The Te2– forms a rock salt lattice like chloride in NaCl. The
Ag+ and Sb3+ were thought to randomly occupy the octahedral voids like a solid solution.
However, a structure with Sb3+ as the second nearest neighbor to another Sb3+, (the nearest
neighbor is Te2–, Sb–Te–Sb), is less stable than a structure with Ag+ as the second nearest
neighbor to Sb3+ (Sb–Te–Ag). This leads to regions within the solid where the Ag+ and Sb3+ are
ordered instead of random like a solid solution. The differing regions of order and disorder of
Sb3+ and Ag+ are thought to lower the lattice thermal conductivity. Additionally, computational
work predicts the presence of low frequency optical phonons that can interfere destructively with
the acoustic phonons.30 The combination of ordered and disordered domains in the same crystal
lattice of Te2–, as well as destructive interference between optical and acoustic phonons, lead to
low lattice thermal conductivity.27, 30
TAGS are alloys between AgSbTe2 and GeTe ((AgSbTe2)1-x(GeTe)x) and are also known
as TAGS-m, with the m denoting the mole percentage of GeTe.31 The GeTe is incorporated as a
solid solution in the rock salt crystal structure above 510 K.32-33 Incorporation of GeTe leads to
p-type doping, increasing the ZT to 1.5 at 750 K for GeTe-rich compositions (m=80–85).
TAGS-80 and TAGS-85 were among the first thermoelectric materials to achieve high ZT>1,
and their performances are largely credited to extremely low lattice thermal conductivity (0.3 W
m-1 K-1). As early performers, these materials were employed by NASA for power generation in
space.19
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1.3. NANOSTRUCTURING TO IMPROVE ZT
Nanostructuring of various thermoelectric materials has been found to decrease lattice
thermal conductivity resulting in an increase in ZT. The reduction in L is thought to occur
primarily through the mechanism of Rayleigh scattering, in which the phonon is considered a
wave, and the fraction of waves scattered (Rayleigh scattering cross-section) is proportional to
d6/.34 Here, the d is the diameter of the nanocrystalline impurity and the  is the wavelength of
the phonon. Therefore, the nanocrystalline impurities tend to scatter longer wavelength phonons
in comparison to dopants (as mass impurities), which scatter short wavelength phonons.
Materials can be nanostructured as a result of superlattices formed by layers with
alternating compositions or by incorporation of nanocrystalline impurities.34 Superlattices can be
prepared by bottom-up methods like chemical vapor deposition.

Likewise, nanocrystalline

impurities can be incorporated by top-down methods like ball-milling bulk materials followed by
hot-pressing or precipitation of crystalline impurities from a melt of the elements. Alternatively,
nanocrystals of different compounds can be prepared separately, followed by hot-pressing, as a
bottom-up approach.
A variety of thermoelectric materials have been nanostructured by exploiting
superlattices. For example, alternating layers of Bi2Te3/Sb2Te3 were constructed by chemical
vapor deposition to yield a very high ZT of 2.4 (300 K) due to a very low L of 0.22 W m-1 K-1
when measured perpendicular to the planes of Bi2Te3.35

Similarly constructed periodic

superlattices of PbSe.25Te.75 and PbTe in alternating layers (55 Å period) decrease the L by
~80% from 2.2 W m-1 K-1 for bulk PbTe to 0.5 W m-1 K-1 for a ZT of 1.75 (425 K).36 Thus, the
superlattice approach has been demonstrated for modification of traditional thermoelectric
materials to lower thermal conductivity.
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The effectiveness of the superlattice approach to nanostructuring has led to its
exploitation in modifying phases with prohibitively high L. The Si0.8Ge0.2 alloy consists of
abundant elements, but would normally not be considered for thermoelectrics due to a
prohibitively high L of ~5 W m-1 K-1 (300 K); however, layers of Si1-x-yGexCy and Si alternate to
form a periodic superlattice with a 3 nm period to lower L by 40% to 3 W m-1 K-1 (300 K).37-39
The decrease in L is due to lattice strain from the lattice mismatch of the layers.40 Similarly, a
superlattice of three monolayers of AlAs followed by 3 monolayers of GaAs leads to a L of 3.1
W m-1 K-1 (300 K) in GaAs/AlxGa1-xAs, representing a 75% decrease from the L of
Al0.5Ga0.5As.41-42 These superlattices demonstrate an ability to greatly decrease L, but the
reported values are still high relative to traditional thermoelectric materials.
Ball-milling and hot-pressing bulk materials allows top-down production of
nanostructured thermoelectrics nanostructured for decreased lattice thermal conductivity. This
process can be used to increase the ZT of bulk n-type Bi2Te3 from 1 to 1.2 at room temperature43
and to increase the ZT of BiSbTe alloy to 1.4 at 373 K.44 This technique also works on the Si/Ge
alloy described above, increasing the ZT from 0.60 to 0.72 at high temperature (1000 K) by
greatly decreasing the thermal conductivity.45

As a different approach to preparing

thermoelectrics composed of actual nanocrystals, mechanical alloying of powdered elements
results in a polycrystalline alloy of Ag0.8Pb18+xSbTe20. The crystallites are micron sized and
contain 20 nm diameter precipitates inside. The lattice thermal conductivity is decreased to 30%
of that of PbTe, resulting in a ZT of 1.5 (673 K).46
Thermoelectrics can be nanostructured with endotaxially embedded NCs through
precipitation of NCs in a melt as a top-down method or molecular beam epitaxy as a bottom-up
method. Molecular beam epitaxy was used to synthesize a nanodot superlattice of PbTe/PbSe
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that exhibits a 50% decrease in L from that of bulk PbTe to ~1 W m-1 K-1 (300 K) and a power
factor 25–35% lower than PbTe. The crystals share a rock salt lattice of anions with crystalline
domains composed of either PbTe or PbSe due to the endotaxial growth.47-48 Precipitation from
a melt of elements is used to prepare nanostructured AgPbmSbTe2+m (LAST-m).49-50

The

precipitation occurs spontaneously upon cooling from a melt to form AgSbTe2 and PbTe rock
salt crystals that are endotaxially embedded. They share an anion lattice, but lattice strain results
from the joining of the two crystals because of their different lattice spacing. This decreases L
to 0.5–0.8 W m-1 K-1 (300 K) relative to 2.2 W m-1 K-1 for bulk PbTe. The variation LAST-18
achieves ~1.7 at 700 K with ~0.4 W m-1 K-1. Similarly, the p-type analog of LAST- m,
NaPbmSbTe2+m (or SALT-m) is prepared from a melt of the elements, resulting in endotaxially
embedded NaSbTe2 in PbTe, which decreases the L to 0.5–0.8 W m-1 K-1 (300 K) due to lattice
strain. A maximum ZT of 1.6 (675 K) is achieved for SALT-20 due to a low L of 0.5 W m-1 K-1
and tot of 0.85 W m-1 K-1.51 Embedding endotaxial NCs through precipitation from a melt has
also been exploited in the nontraditional thermoelectric material In0.53Ga0.47As.52 Precipitation of
2–4 nm ErAs crystallites decreases L by 50% to 3 W m-1 K-1 (300 K) from the high thermal
conductivity In0.53Ga0.47As alloy.

Thus, this technique is robust for reducing the L of

thermoelectric materials for improved ZT.
Solution-phase synthesis of pre-grown crystallites has been used to introduce micro- and
nanostructuring to PbTe. Sub-micron crystal domains have been introduced by growing 200–
400 nm PbTe crystallites in aqueous solution without ligands, followed by hot-pressing to result
in comparable ZT to state of the art bulk PbTe (ZT of 0.8 at 580 K) by pairing a decreased tot
(0.75 W m-1 K-1) with an electrical conductivity (~210 S∙cm-1) that is two thirds of the value for
the pure bulk (300 S∙cm-1).12-13 Smaller (30 nm) NCs were employed to form a nanostructured
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PbTe pellet after ligand stripping with phosphonic acid.6

This results in oxidized grain

boundaries that lead to enhanced thermopower (625 µW cm-1 K-2) and tot (0.75 W m-1 K-1) at
room temperature but low ZT (0.02) due to low electrical conductivity (1.3 S∙cm-1). Electrical
transport has been studied on thin films of ligand stripped PbTe nanostructures at room
temperature. Electrical conductivity was increased two orders of magnitude for thin films of
solution grown, ligand capped nanowires by ligand stripping with hydrazine (~5 S∙cm -1)53 or
ethanol (1.3 S∙cm-1).54

A similar electrical conductivity (4.8 S∙cm-1) was achieved for a

composite thin film of PbTe and Ag2Te NCs after ligand stripping with hydrazine. NCs.55
Although high thermopower values are demonstrated for the hydrazine-stripped (410 µW cm-1
K-2)

53

and ethanol-stripped (628 µW cm-1 K-2)54 thin films, ZT values are not determined

because thermal conductivity values are not measured.

However, these studies reveal the

importance of ligand removal from ligand-capped NCs. The ligands are electrically insulating,
and removing them can greatly increase the electrical conductivity, but it remains low compared
to bulk PbTe (300 S∙cm-1)12 or pellets of sub-micron crystallites grown without ligands.13

1.4. PREPARATION OF SEMICONDUCTOR METAL CHALCOGENIDE
NANOCRYSTALS BY HOT-INJECTION METHODS IN SOLUTION
The hot-injection method is used to limit the size of crystallites grown in solution.56 In
brief, an anion precursor is dissolved in a nonpolar organic solvent to prepare a solution. The
metal precursor is an ionic salt. This is dissolved in the organic solvent with the help of a
surfactant, also referred to as a capping ligand, to prepare a second solution. The surfactant
molecule is often amphiphilic, exhibiting a polar head group to interact with the cation and a
nonpolar tail to interact with the solvent. An excess of metal precursor is commonly used to
prepare a concentrated solution to favor precipitation of the product as small nanocrystals. The
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anion solution is quickly injected into the metal cation solution at the reaction temperature to
nucleate the product nanocrystals, which quickly lowers the concentration of both anion and
cation left in the solution for further growth of the nucleated nanocrystals.
Hot-injection synthesis can be broken down into four steps: Pre-nucleation, nucleation,
growth, and annealing.56 The pre-nucleation step consists of preparing the solubilized cation and
anion solutions as described above, and quickly combining them at a temperature to form the
monomer. The nucleation step requires the collision of several monomers to begin formation of
the crystal lattice.56-57 Small dimensions of the nucleated nanocrystal, 1–2 nm, result in a very
small lattice enthalpy. The lattice enthalpy is the force that holds the nanocrystal together while
the entropy from solvating atoms on the surface tears it apart. These competing forces establish
an equilibrium between formation and dissolution of the crystal. The total Gibbs free energy,
GTOT = (4/3)r3 Gv + Gs, can be calculated for crystal formation based off of the radius, r,
the volume dependent free energy of the crystal, Gv, which is negative, and the positive free
energy at the surface Gs.56 Below the critical radius, rc, GTOT increases with r, and the crystal
will dissolve again to form monomers. These monomers can either contribute to nucleating a
new lattice, or join the surface of an existing nanocrystal as part of the growth stage. This
process of unstable nanocrystals dissolving into monomers that serve to increase the size of
existing nanocrystals is referred to as Ostwald ripening, and increases polydispersity. If the
radius is larger than rc, GTOT decreases with r, and the crystal will not dissolve.
The critical radius can be calculated from the interfacial tension between the crystal and
the solution, , the density of the crystal, , the Boltzmann constant, k, and the parameter S, as rc
= –2/ (k T ln S).56 The parameter S reflects the degree of oversaturation, and is equal to the
product of the concentrations of Cd and Se precursors in the reaction divided by the
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concentration that would be in equilibrium with a bulk crystal at the reaction temperature, T.
Thus, starting with a supersaturated solution of one of the precursors is sufficient to increase S
and favor smaller nanocrystals by decreasing rc. Increasing the reaction temperature of the
solution further decreases the crystallite size.58 By stabilizing small crystallite sizes, reaction
conditions prevent them from dissolving again, and the concentration of monomers available for
the growth stage is greatly decreased.
Growth occurs as monomers join the surface of a nucleated nanocrystal. The existing
crystal lattice serves as a template for the monomers to join, but is passivated by the surfactant
and solubilized in the nonpolar solvent (Figure 1.3). When crystallites nucleate and first begin to
grow, the concentration of monomer available near the surface of the crystal is beginning to
decrease. At this early stage, the growth rate is determined by either the rate at which monomers
add to the surface or the rate at which surfactant dissociates; the slower of these will be the rate
determining step. Thus, the use of surfactants that bind strongly to cations on the particle surface
can slow growth. Growth overlaps with the nucleation stage; so, the rates compete, and a slower
growth rate will favor smaller crystallites.

Figure 1.3 The solvent-stabilized, surfactant capped PbTe nanoparticle is illustrated. Dangling bonds of lead cations on the
surface are passivated by a long chain surfactant, like oleate, and the nonpolar end of the surfactant is solubilized by the long
chain solvent. The R and R’ are generic carbon chains.
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The local concentration of monomers near the surface of nucleating and growing crystals
quickly decreases, limiting the amount available for further growth. At this later stage, the
growth rate depends on the rate of diffusion of monomers to the surface of the crystal. The
diffusion rate of the monomer can be slowed by excess of one of the precursor ions, as well as
the use of bulky surfactants.

Employing an excess of a precursor also helps prevent the

dissolution of small nanocrystals into new monomers that can be used for growth of another
nanocrystal by Ostwald ripening. In addition, the diffusion rate can be decreased by lowering
the temperature. The nanocrystals can then be annealed in solution at this lower temperature.
The purpose of annealing is to improve the crystallinity of the lattice. The surface of the
particle may be amorphous and the lattice may be imperfect after the nucleation and growth
steps. Annealing is carried out at a lower temperature than the nucleation and growth that occur
shortly after the initial hot-injection. During annealing, the monomers and ions at the crystal
surface are mobile, and can arrange to join the underlying lattice more perfectly. This is
spontaneous thermodynamically because the radius of the lattice, r, provides a negative
contribution to the total free energy of the particle by contributing to GTOT as (4/3)r3 Gv.

1.5.

THE

CHEMICAL

MECHANISM

OF

LEAD

TELLURIDE

NANOPARTICLE FORMATION
Relevant to this research, mechanisms proposed for nanocrystal synthesis of the lead
chalcogenides lead selenide (PbSe) and lead telluride (PbTe) from common precursors are
reviewed. These syntheses often employ trioctylphosphine chalcogenide, TOP=E, as the source
of the selenium or tellurium nucleophile, E.56, 59 Lead acetate trihydrate serves as a common lead
precursor that is often reacted with the surfactant oleic acid to form lead oleate according to the
reaction scheme
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Pb(CH3COO)2 ● 3 H2O + 2C17H33COOH ⇌ Pb(C17H33COO)2 + 3 H2O + 2 CH3COOH.56,

60

The reaction produces acetic acid (boiling point ~390 K) and water as side products. These side
products mostly boil off at 443 K with the help of argon flow, driving the reaction forward to
dissolve the lead acetate. Some acetate remains in the solution to catalyze nanocrystal growth by
acting as a short chain capping ligand in competition with oleate. The short chain acetate
replaces some oleic acid on the particle surface to allow very small crystallites to aggregate and
sinter.60 The lead oleate, reacts with the TOP=E to form the monomer as displayed in Figure
1.4.59, 61-62

Figure 1.4 The P=E bond is inserted between the lead and an oleate (R’COO−) in Scheme 1. Oleic acid transfers a proton to the
electrophile (Scheme 2).

The cleavage of the bond between the electrophile and the phosphine has been
investigated in detail (Figure 1.4).62 The attack by the nucleophile on the metal cation (Scheme 1)
is a concerted reaction resulting in the insertion of the P=E bond between the metal and the
oleate. The acidic proton from an oleic acid is transferred to the nucleophile (Scheme 2) to
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release trioctyl phosphonium oleate as a side product. This was trapped and observed. The main
product could serve as the solubilized monomer. Alternatively, activation of the E–H by the
metal would result in elimination of an oleic acid by proton transfer.

1.6. Thesis Statement #1: Nanostructuring of PbTe and PbS NC Inclusion for
Increased ZT
Lead telluride was chosen for bottom-up nanostructuring in this work because it is a
traditional thermoelectric material for high temperature use (ZT ~1 at 650 K) that exhibits
improved thermoelectric properties from nanostructuring. Nanostructured PbTe demonstrates
increased ZT relative to the bulk due to lower thermal conductivity6,

11, 13, 63

and higher

thermopower64-66 caused by phonon scattering and carrier filtering at the grain boundaries.
Carrier filtering occurs because grain boundaries between crystals in PbTe exhibit energy
barriers.64-66 These energy barriers are a result of trap states at the particle surface that can result
from lattice imperfections or chemisorption of oxygen on to nanocrystals.66 Trapped carriers
create a potential energy barrier by repelling like charges. These energy barriers can scatter
holes near the top of the valence band and excited electrons near the bottom of the conduction
band.64-66 Filtering of low energy carriers increases the thermopower, contributing to a rise in
ZT.
An alternative approach to augmenting ZT is to form grain boundaries by phase
segregation. This approach has also been demonstrated by precipitation of lead sulfide NCs in
lead telluride from a melt of lead, tellurium, and sulfur.10

Precipitation within a mixture

comprising 8 mol% of lead sulfide more than doubles the ZT of PbTe, to 1.5 at 642 K, by
lowering Lat, as displayed in Figure 1.5, by 80% to 0.4 W m-1 K-1.10
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Spinodal Decomposition Not Beneficial
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Figure 1.5 Lattice thermal conductivity and electrical conductivity at 642 K are plotted versus mol% of lead sulfide.

Varying the lead sulfide mol% affected the thermal conductivity inconsistently due to the
changing form of the lead sulfide with increasing mol%. The lead sulfide is observed as NCs at
4 mol%, then a combination of NCs and regions of alternating sulfur and tellurium richness
resulting from spinodal decomposition at 8 mol%, then only the spinodal decomposition regions
at 30 mol%. At this point the Lat increases and  decreases, demonstrating that spinodal
decomposition regions are detrimental to ZT.10
Approaches to nanostructure PbTe have encountered barriers to increasing ZT. The
crystallite sizes in PbTe nanostructured by top-down methods like ball milling are large (ca 100’s
of nm), therefore limiting the spectral range of phonons that can be scattered. Nanostructuring of
PbTe by incorporation of PbS NCs through precipitation from a melt does increase ZT, but the
increase is limited due to incorporation of spinodal decomposition regions as the mole
percentage of PbS is increased, even at low levels (8 mol%).10 Bottom-up methods using small
nanocrystals (NCs) from solution-phase arrested precipitation result in low electrical
conductivity and ZT due to insulating organic capping ligands required for size control.6,5, 9, 55, 67
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The tradeoff between size control and incorporation of insulating ligands presents a challenge to
increasing ZT in PbTe-based thermoelectrics.
Efforts are being made to remove insulating ligands from colloidally prepared materials
in order to employ nanoparticles in photovoltaic devices. Removal of organic ligands has been
reported for thin films of lead sulfide, NCs by stripping with an ammonium sulfide solution to
result in an inorganically connected assembly.67 Another strategy exploited in the photovoltaics
literature as an alternative means to modify the interfaces is ligand stripping of nanoparticles by
iodide, resulting in a dramatic 700% increase in carrier mobility.68 Ligand removal by hydrazine
has been applied to thermoelectric materials resulting in a ten order of magnitude increase in
electrical conductivity (to ~ 8.5 S cm-1) for thin films69 of lead selenide, PbSe, and electrical
conductivity values up to 22 S∙cm-1 for hot-pressed pellets of PbS-PbSe hollow spheres.14
Therefore, ligand stripping may offer a means to augment electrical conductivity in
nanostructures assembled from dispersible NC building blocks, a premise that will be tested here
for PbTe.
As one approach to improving the ZT of PbTe, we test whether PbTe nanostructured with
PbS can be improved over that formed from a melt10 by avoiding contributions from spinodal
decomposition. Our strategy is to first grow dispersible PbTe and PbS NCs independently by
hot-injection methods and then combine them by incipient wetness. To increase the practicality
of assembling dispersible PbTe NCs into nanocomposites from the bottom-up, we design a new,
multi-gram synthesis using hot-injection methods in solution. For combining the PbTe and PbS,
we target 8 mol% PbS because this composition demonstrated the highest ZT in a previously
reported PbTe–PbS composite formed from a melt.10 The resulting material is then hot-pressed
to form a PbTe−PbS nanocomposite. This material is characterized to test whether this method

17

of nanostructuring leads to decreased lattice thermal conductivity. As a second approach, we
employ ligand stripping with several agents in an attempt to increase the electrical conductivity
in bottom-up nanostructured PbTe by removing the insulating ligands from pre-grown,
dispersible NCs. These two approaches are illustrated in Figure 1.6, and corresponding results
will be presented in Chapter 3.

Figure 1.6 Two approaches for PbTe based nanocomposites are displayed. Oleic acid capped PbTe NCs are mixed with oleic
acid capped PbS by incipient wetness (Top). Methanol and heat are used consecutively to strip the oleic acid ligands and remove
the solvent, resulting in PbTe–PbS. Alternatively, ammonium sulfide (NH4)2S in methanol is used to strip the oleate, reacting
with lead cations on the surface to result in a film of lead sulfide. Heating removes elemental sulfur to result in PbTe NCs held
together by PbS at the interfaces.

1.7. THERMOELECTRIC MATERIALS FROM ABUNDANT ELEMENTS
A very different approach to increasing the practicality of thermoelectric devices is to
avoid toxic and rare elements commonly required for thermoelectric materials and to focus on
materials with naturally low lattice thermal conductivities, thereby avoiding the need to
nanostructure.10-18 Attempts to make “greener” thermoelectric materials have focused on coppersulfides and selenides, particularly those adopting the chalcopyrite (zinc blende-based) structure
type. However, doped CuInSe2 and CuInS2 exhibit relatively low ZT even up to 550 K,70-71
whereas the more promising nanostructured CuAgSe2 reaches a maximum ZT of 0.55 at 700 K.72
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The tetrahedrite mineral, Cu12Sb4S13, is not only composed of only Earth abundant elements, but
also exhibits an intrinsically low lattice thermal conductivity (L=0.4Wm-1K-1 at 700 K).2-3
Unique features in the tetrahedrite crystal structure are responsible for an intrinsically low
lattice thermal conductivity (Figure 1.7 a).

The features of interest in the unit cell are

emphasized by enclosing with a rectangle. For clarity, this arrangement of atoms in the unit cell
is displayed in Figure 1.7b after removal of other atoms. The structure consists of trigonal planar
Cu+ ions interacting with 3 S2- ions and 2 Sb3+ ions. The two Sb3+ ions, one above the plane and
one below, each possess a lone pair and form a trigonal pyramidal shape with three S ions.

Figure 1.7 The unit cell73 (a) of tetrahedrite, Inorganic Crystal Structure Database code 41753, projected parallel to a triangular
plane formed by a Cu atom (blue) with three S atoms (yellow) is displayed. A rectangle is added to point out a region of the cell
containing an arrangement of two trigonal pyramidal Sb atoms (brown) above and below the trigonal planar Cu. The unit cell is
displayed again in the same orientation (b) for clarity after hiding all atoms not included in this arrangement of two trigonal
pyramidal Sb atoms above and below the trigonal planar Cu. Reprinted (adapted) with permission from James, D. J.; Lu, X.;
Morelli, D. T.; Brock, S. L., Solvothermal Synthesis of Tetrahedrite: Speeding Up the Process of Thermoelectric Material
Generation. ACS Appl. Mater. Interfaces 2015, DOI: 10.1021/acsami.5b07141. Copyright 2015 American Chemical Society.

Thus, the Cu is positioned to interact with the lone pair on either Sb ion. The intrinsic low lattice
thermal conductivity (L=0.4Wm-1K-1 at 700K) of tetrahedrite, Cu12Sb4S13, stems from the
anharmonic vibration of Cu atoms vertical to the S triangle plane as they dynamically interact
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with the lone pairs on Sb atoms above and below.74 This results in a trigonal bipyramidal Cu ion
that acts as a rattler in a cage. The changing vibration frequency with cell volume leads to a high
Grüneisen parameter resulting in low L due to destructive interference of the phonons.75
The role of lone pairs contributed by Sb3+ is further explored by comparison of
tetrahedrite crystal structures formed by Cu12Sb2Te2S13 (L = 0.7 W m-1 K-1) and Cu10Te4S13 (L
= 1.4 W m-1 K-1).76 The latter compound possesses random copper vacancies in the tetrahedrite
structure, which fail to lower the L. The low L of Cu12Sb2Te2S13 is due to a unique abundance
of low energy (~3 meV) vibrational modes not present in Cu10Te4S13, and Raman spectroscopy
measurements associate these with out-of-plane vibrations of the trigonal planar copper. These
results corroborate an increased out of plane displacement of the trigonal planar copper in
Cu12Sb2Te2S13 compared to Cu10Te4S13. This indicates that the 5s2 lone pair from antimony
interacts with copper while that of tellurium is truly inert. Bouyrie, et. al. suggest that, rather
than a bond being formed, the displacement of the trigonal planar copper results in a dipole that
interacts with the dipole formed by the stereochemically active (from partial sp3 hybridization)
lone pair on Sb3+. This results in the low energy vibrational modes that interfere with acoustical
phonons for decreased L. Similarly low energy (4 meV) vibrational modes were assigned to the
trigonal planar copper in pure tetrahedrite, Cu12Sb4S13.74
The 12 copper equivalents in Cu12Sb4S13 consist of 10 Cu+ and 2 Cu2+ ions. The latter of
these can be replaced by Zn2+ or other transition metals to modulate electronic properties by
adjusting the Fermi Level. The pure tetrahedrite, Cu12Sb4S13, is p-type and metallic with the
Fermi Level in the valence band.3 The density of states diagrams have been determined by
Suekuni et al. for tetrahedrite with several transition metal (TM) dopants (Cu11M1Sb4S13) M =
Mn, Fe, Co, or Ni (Figure 1.8).77 For Cu12Sb4S13 there are two available energy states in the
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valence band above the Fermi Level that electrons can easily be excited into, resulting in metallic
character.2, 77-78 The metal-semiconductor transition occurs at 85 K; so, at higher temperatures,
resistivity increases consistent with a metal.77, 79 The bandgap is between 1.2 eV for bulk and up
to 1.7 eV for nanocrystals and can be modified by doping with transition metals (Figure 1.8).2, 7778, 80

For instance, bulk tetrahedrite doped with Zn2+ or Mn2+ has demonstrated bandgaps of 1.8

eV.81
Metals have been incorporated by in-situ doping during solid state synthesis to optimize
ZT, forming Cu12-x(TM)xSb4S13, TM = Zn, Mn, Fe, Co, Ni, or Zn.2, 77, 81-85 The pure element is
used as the source of dopant in solid state syntheses, and is mixed with copper, antimony, and
sulfur in the desired stoichiometry to yield the product.
The Keszler group prepared tetrahedrite samples doped with Mn, Fe, Co, Ni, or Zn at a
dopant level of x = 2 and compared them with the pure tetrahedrite up to 575 K. Doping with
Mn or Co lead to improved ZT values of 0.8 and ~0.5 at 575 K, respectively.81 The Mn-doped
sample achieves the high ZT by increasing the thermopower while moderately decreasing the
electrical conductivity and the thermal conductivity. The increased thermopower in this sample
is attributed to the increased band gap of 1.8 eV. This is the same band gap measured for the Zndoped sample. The larger band gap prevents electrons from exciting across to the conduction
band, where they would be more mobile. Flow of excited electrons to the cold end would lower
the thermopower. Doping with Fe, Co, or Ni results in a smaller band gap due to the effect of
their magnetic moment on the band structure (Figure 1.8b, c, and d).77,

81

The band gap is

smaller due to splitting of the orbitals into low energy (majority-spin) states and high energy
(minority-spin) states generated at the top of the valence band.
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1.7.1. Ni-Doping. Doping with Nickel results in little change in the maximum ZT
compared to pure tetrahedrite (~0.3 at 575 K).81

The electrical conductivity and thermal

conductivity for this sample are decreased similarly to the better performing Mn-doped sample
(vide infra), but the increase in thermopower is disproportionately small. The substituted nickel
exhibits a magnetic moment consistent with Ni2+ with a spin of S=1 at doping levels of x = 2 or x
= 1.5.77, 79 The spin should be S=1 for d8 with 6 paired and two unpaired electrons. Substitution
of the Ni2+ for Cu2+ would be expected to inject holes into the lattice, due to Ni2+ being only d8
and having one less d electron than Cu2+. Injection of holes into the valence band of the p-type
material would result in a metallic behavior like that exhibited by the pure tetrahedrite; however,
the Ni-doped tetrahedrite exhibits semiconductor behavior, and there is no metal to
semiconductor transition at low temperatures.77, 79
The semiconductor behavior for Ni-doping is due to the magnetic moment. Nickel
doping causes the states at the Fermi Level to split because the unpaired electrons can either have
the same spin as the majority of unpaired electrons, lowering the energy below the Fermi Level
for the x = 1 doping level (majority-spin band), or have the opposite spin, raising the energy
above the Fermi Level (minority-spin band). This leaves the Fermi Level between the two
bands, resulting in the semiconducting behavior (Figure 1.8d).77
1.7.2. Zn, Fe-Doping. For the samples doped with Zn or Fe, ZT decreased due to low
electrical conductivity.81 This is because the doping is not optimized, and the high level of Zn
doping (x = 2) leads to a filled valence band, resulting in a semiconductor instead of a metal. 81
The zinc contributes 3d orbitals well below the Fermi Level, consistent with Zn2+, which does
not contribute a magnetic moment and so does not lead to any band splitting between minority
and majority bands (Figure 1.8e).77

Thus, the band structure near the Fermi Level is not
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modified from that of the pure tetrahedrite. Instead the Fermi Level is raised towards the top of
the valence band by contribution of the extra electron (d10) in comparison to Cu2+ (d9) as
discussed previously. These results agree with zinc-doped, solid state samples reported by Lu et.
al. demonstrating relatively low resistivity for x = 0.1, an order of magnitude increase in
resistivity for x = 1.5, and insulating behavior for x = 2, indicating a semiconducting material. 2
Decreased carrier contributions to thermal conductivity and increased thermopower values result
in high temperature (700 to 750 K) ZT values of 1 and 0.8 for x =0.5 and x = 1, respectively.
Thus, the ideal doping level for Zn-doped tetrahedrite is in this region. At higher concentrations
(x ≥ 1.5), the ZT decreases due to high resistivity.
Doping with iron for x = 2 also decreases ZT by greatly decreasing the electrical
conductivity, but the Fe2+ actually has fewer d electrons (d6) to contribute than Cu2+ (d9);
therefore, the valence band should not be filled. Instead, the decreased electrical conductivity in
this case could be attributed to impurity scattering and hole-trapping by Fe2+.81

Further

investigation into the band structure and magnetic properties of the substituting iron provide
another explanation. The divalent state of iron is confirmed for x ≥ 1.5.77 At lower doping
levels, x = 0.5 and x = 1, it would be Fe3+.86 In either case, the substituted iron exhibits a
magnetic moment, and splitting of bands near the Fermi Level into minority-spin and majorityspin results in a gap at the Fermi Level, leading to semiconductor behavior and low electrical
conductivity (Figure 1.8b). Earlier studies by Lu, et. al. at lower doping levels proposed that
doping with Fe3+ resulted in raising the Fermi Level by contributing two extra electrons to the
valence band per Fe3+ instead of the one extra electron contributed by Zn2+. This results in a
maximum ZT of 0.8 at a doping level of only x = 0.5 due to increased resistivity (lowering
thermal conductivity) and increased thermopower.2
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1.7.3. Mn, Co-Doping. The decrease in electrical conductivity for Mn2+ and Co2+ doped
tetrahedrite is less severe because they are less oxidizing81 and lack the propensity for holetrapping, in addition to magnetic contributions to the band structure (Figure 1.8a and c).77 The
substituted Mn2+ has a magnetic moment which was determined for x = 1.8 to be of 7.45 μ B per
formula unit.85 The magnetic moment results in a majority-spin band below the Fermi Level and
a minority-spin band above the Fermi Level extending into the band gap from the conduction
band above.77 In contrast to Ni-doping, there are still available states at the Fermi Level, and the
valence band extends above it. Thus, the Mn-doped tetrahedrite retains metallic behavior rather
than becoming a semiconductor.77 For Co-doping, the cobalt is Co2+, and leads to a minorityspin state in the band gap with a majority-spin state below the Fermi Level. However, there are
still available states at and extending above the Fermi Level, similar to the Mn-doped
tetrahedrite, which maintains metallic behavior.

The moderate decrease in electrical

conductivity suppresses the carrier contribution to thermal conductivity, C, at high temperature,
leading to an over 70% decrease in the thermal conductivity for improved ZT in the Co and Mndoped samples.81

Further optimization revealed a decreasing electrical conductivity and

increasing thermopower with Mn from x = 0.5 to 2.0, resulting in a maximum ZT of 1.13 with x
= 1. This is slightly higher than the ZT of 1 for x = 0.5. Chetty, et. al. investigated Mn-doped
tetrahedrite from x = 0.4 to 1.8, and noted the increasing resistivity with temperature for doping
levels of x= 0.4 up to x = 0.9, indicating metallic behavior.85 At higher doping levels, x = 1.4
and x = 1.8, the resistivity decreased with temperature, indicating semiconductor behavior.
Therefore, they propose that increasing the substitutional doping of Mn2+ for copper fills the
valence band changing the band structure. This results in less of the majority carrier, holes, to
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increase the thermopower with increasing Mn2+ similarly to Zn-doping. They demonstrate
maximum ZT values of 0.65 for x = 0.4 and 0.45 for x = 0.9.85

1.8. Thesis Statement #2: Rapid and Facile Synthesis of Tetrahedrite and
Doped Systems on Large Scale
Although the advantageous qualities of tetrahedrite have led to several licensed patents as
a thermoelectric,87-88 the long and energy intensive synthesis of tetrahedrite serves as a roadblock
to industrial production as a thermoelectric material. Tetrahedrite is currently prepared by hightemperature solid-state synthesis, which requires three days in a tube furnace as reagents are
heated slowly to 650 °C and then slowly allowed to cool.2-3 The product is then ball-milled and
annealed for two weeks at 450 °C before being ball-milling again and hot-pressed. As an
alternative synthesis method, recent work has demonstrated that tetrahedrite can be grown in
solution as discrete nanocrystals by hot-injection methods on a small scale (ca. 0.5 mmol copper
precursor per reaction) using long chain ligands as capping agents.89 However, adaptation of
these nanocrystals for thermoelectric use would face the dual challenges of small scale
production and the need to eliminate the long chain ligands that increase resistivity by orders of
magnitude in other thermoelectric systems.55,

69

Moreover, it is doubtful that the benefits of

phonon scattering achieved by nanostructuring90 will be realized in this system because of the
inherently low κL.
Recent work with tetrahedrite has focused on decreasing the reliance on synthetic
tetrahedrite for thermoelectric use by taking advantage of its ability to form solid solution with
the naturally occurring tennantite.91
y)ZnxFeyAs4S13,

Tetrahedrite naturally occurs as tennantite, Cu(12-x-

with arsenic in place of antimony and substitutional doping of copper sites by

zinc and iron. This plentiful mineral has low electrical conductivity due to excessive doping;
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however, ball-milling tennantite in an approximately 1:1 mole ratio with synthetic tetrahedrite
shifts the XRD spectrum to lower 2-Theta by diluting impurities. This adjusts the doping level
and increases the ZT to one.3
The zinc-rich tennantite (Cu10.0 Zn1.8Fe0.2As2.7Sb1.3S13) serves as a source of Zn2+ for
doping. Substitution of Cu2+ ions by Zn2+ in the solid solution is proposed to raise the Fermi
Level toward the top of the valence band by adding one additional electron per Zn2+ (see 1.7.2).23

The density of states decreases near the top of the valence band, resulting in a p-type material

due to lower mobility of excited electrons (Figure 1.8e).77 As the Fermi Level is raised, the holes
are generated nearer to the top of the valence band, and the low density of states results in
filtering of the low energy holes. This increases  and to tune the electronic and thermal
properties.2-3 The optimum doping level for Cu(12-x)ZnxS13 has been achieved at x = 0.9 for a ZT
~1 at 700 K by ball-milling the natural mineral with the un-doped solid state material.3

Figure 1.8 Spin-resolved electronic DOS for U=0 of Cu11.0TM1.0Sb4S13 (TM=Mn (a), Fe (b), Co (c), Ni (d), and Zn (e)). The red
area describes the partial DOS for TM. Reprinted with permission from Suekuni, K.; Tomizawa, Y.; Ozaki, T.; Koyano, M.,
Systematic Study of Electronic and Magnetic Properties for Cu12–xTMxSb4S13 (TM = Mn, Fe, Co, Ni, and Zn) Tetrahedrite. J.
Appl. Phys. 2014, 115 (14), 143702. Copyright 2014, AIP Publishing LLC.

While tennantite also serves as a source of iron or arsenic, arsenic incorporation has not
been discussed as playing a role in tuning electronic properties in previous works.2-3 However,
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mixing iron-rich tennantite (Cu10.5Fe1.5As3.6Sb0.4S13) with synthetic tetrahedrite has been found to
increase ZT by tuning electronic properties to an optimum doping level of 0.38 mole equivalents
of iron (vs. 0.9 moles of Zn). Nevertheless, the ZT is lower (0.8 at ~700 K) than that achieved
by mixing tetrahedrite with the zinc-rich tennantite.3 The iron present from mixing zinc-rich
tennantite (Cu10.0 Zn1.8Fe0.2As2.7Sb1.3S13) in a 1:1 mole ratio with tetrahedrite would be quite
small at 0.1 mole equivalents. At this amount, the iron would be Fe3+ and would contribute two
extra electrons to the valence band per iron, raising the Fermi Level similarly to zinc.2,

86

However, the Fe3+ also results in impurity bands above the Fermi Level in Fe-doped tetrahedrite
(Figure 1.8b).77, 86 The impurity bands are formed due to the magnetic moment of Fe3+ from the
d5 electron configuration. The magnetic moment results in a splitting of available energy states
in the valence band. The electrons can either be aligned with the majority of spins from unpaired
electrons, lowering the energy, or be opposed to them, raising the energy. This results in a
majority-spin band below the Fermi Level and a minority-spin band above it. The addition of
Zn-doping raises the Fermi Level, and the minority-spin band provides extra energy states to be
filled by the added electrons from Zn-doping. Therefore, the Fe-doping could increase the
amount of zinc that can be incorporated before the material becomes insulating (Figure 1.8b).
As a result, the maximum ZT ~1 was achieved for x = 0.95 using zinc-rich tennantite as the
dopant source.3 This is significantly more zinc than the x = 0.5 required for optimal Zn-doping
(ZT ~1) of solid state tetrahedrite in the absence of iron.2
In the present work, we attempt to address the problem of long synthesis times at high
temperatures and limited scalability for preparation of tetrahedrite. To alleviate these problems,
we develop and optimize a chloride-free solvothermal route to synthetic tetrahedrite that can be
done with two days of heating at moderate temperatures (ca 150 °C) and allows parallel
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processing due to the manageable temperature and pressure requirements.

Thermoelectric

characterization is carried out on the product as well as on a 1:1 mixture of the product with
natural mineral (tennantite).

We show that properties of the solvothermal tetrahedrite are

comparable to those produced by solid state methods and that our product is amenable to doping
by mixing with tennantite. These results will be discussed in Chapter 4. In addition to doping by
ball-milling with tennantite, we modify our solvothermal synthesis to dope in-situ with zinc for
Cu12-xZnxSb4S13 over a range of x = 0.79 to 1.40 to modulate the electronic and thermal
properties. These results will be discussed in Chapter 5.
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CHAPTER 2 : EXPERIMENTAL
2.1. INTRODUCTION
2.1.1. Lead Telluride Based Thermoelectric Materials. This work pursues multiple
approaches to improve thermoelectric properties using several types of materials. For the first
approach, lead telluride (PbTe) is nanostructured from the bottom up to decrease thermal
conductivity. This entails the development of a new, multi-gram synthesis of dispersible PbTe
nanocrystals (NCs) and their characterization. The PbTe NCs are then treated with methanol,
ammonium sulfide, tetrabutylammonium iodide, or ammonium sulfide followed by
tetrabutylammonium iodide to strip the insulating ligands in a strategy to improve the electrical
conductivity of the resulting nanostructured material. In addition, lead sulfide (PbS) NCs are
synthesized, characterized, and mixed with PbTe NCs by incipient wetness to provide
nanocrystalline impurities for decreased thermal conductivity. These nanostructured materials
are annealed to remove solvent and excess sulfur (in the case of the sulfide-stripped PbTe NCs).
Then, they are hot-pressed to prepare pellets for the characterization of thermoelectric properties.
The experimental details relative to synthesis of the PbTe and PbS NCs as well as mixing of NCs
by incipient wetness, ligand stripping, and annealing are described in Chapter 3.
Characterization is performed at each stage of the process. The PbTe and PbS NCs are
investigated by X-ray diffraction (XRD) to determine crystallinity, phase, and crystallite
diameter. They are imaged by Transmission Electron Microscopy (TEM) to observe the size and
morphology.

Energy dispersive X-ray spectroscopy (EDS) is employed to investigate the

composition. The PbTe NCs are similarly characterized by TEM and EDS following ligand
stripping or mixing with PbS, before and after annealing, to investigate changes in the particle
surface, aggregation, and composition. Investigation by XRD is carried out after annealing and
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again after hot-pressing to monitor changes in the crystallite size. The average composition of
the hot-pressed material is determined by Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES). The hot-pressed material was cut into a rectangular parallel-piped and
characterized further by determining the room temperature electrical conductivity, thermopower,
and thermal conductivity in a cryostat using standard steady state techniques. The cryostat setup
is equipped with a set of thermocouples to monitor the temperature, a resistor to apply heat, an
ohmmeter to monitor resistance, and a voltmeter to monitor the voltage drop across the
rectangular parallel-piped.
2.1.2. Tetrahedrite Based Materials.

As an alternative approach to improving

thermoelectric materials, we develop a rapid, solvothermal method to produce tetrahedrite and
dope it by ball-milling it with the natural mineral tennantite (Cu10.0 Zn1.8Fe0.2As2.7Sb1.3S13) as a
source of zinc. In addition, we adapt the synthesis for zinc doping in-situ. The tetrahedrite is
produced in multiple Teflon-lined vessels in parallel by sealing them in stainless steel bombs and
heating in a laboratory oven. Each solvothermal product is investigated by XRD for crystallinity
and characterized by either ICP-OES or Inductively Coupled Plasma-Mass Spectroscopy (ICPMS).

Samples are hot-pressed to prepare a pellet for characterization of thermoelectric

properties as described above. Experimental details relative to the solvothermal synthesis of the
undoped tetrahedrite as well as ball-milling the solvothermal tetrahedrite with the natural mineral
are described in Chapter 4. Experimental details relevant to in-situ doping of the solvothermal
tetrahedrite is described in Chapter 5.
The thermoelectric properties are studied at low temperature for preliminary data, and at
high temperature for more promising specimens.

The hot-pressed material is cut into a

rectangular parallel-piped for determination of thermoelectric properties near room temperature
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as described above. For high temperature measurements, a disc and a rectangular parallel-piped
are cut from the pellet. The thermopower and resistivity are determined on the rectangular
parallel-piped by standard steady state techniques, and the resistance is measured using the fourprobe method.92 The disc is used to determine the thermal diffusivity (D) with the laser flash
technique.

2.2. CHARACTERIZATION
2.2.1. Size and Morphology Observation by TEM. A JEOL 2010 TEM instrument is
used to take electron microscopy images utilizing a 200 kV accelerating voltage.

The

microscope has an EDAX Energy Dispersive X-ray Spectrometer as an accessory. To prepare
NCs of PbTe or PbS for imaging, a spatula-tip of sample is dispersed in hexane by sonication to
form a colloid solution. A drop of colloid solution is applied to a carbon coated copper grid (200
mesh Cu grid from SPI) supported on filter paper on a vacuum filtration funnel. Vacuum is
applied to quickly remove solvent. If the sample cannot be completely dispersed, as is the case
for annealed samples of NCs and the tetrahedrite synthesized by literature methods, the solid is
transferred to the grid with hexane and a disposable pipette.
A TEM instrument works on the principle that an electron has a wavelength on the
Ångstrom scale (~0.04 Å at 90 KV accelerating voltage) when in motion. This allows electrons
to resolve features less than a nanometer in size (< 2 Å).93 The wavelength decreases with
accelerating voltage according to the DeBroglie wavelength  = h / p, with h being Planck’s
constant, and p being the momentum. This results in the  following the equation 𝜆 =

ℎ

1 ,
(2𝑚𝑒𝑉) ⁄2

with m being the mass of the electron, e being the charge of the electron, V being the accelerating
voltage, and h being the Planck’s constant. The wavelength is further decreased as the velocity
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of the electron approaches the speed of light, increasing the relativistic mass and increasing the
momentum. The electrons are essentially used in place of light for microscopy.
The basic layout of a TEM consists of a beam of electrons generated by a source or
electron gun, which passes through a sample to a detector, such as a fluorescent screen, a film, or
a digital camera to generate an image. The electron gun consists of a metal filament, from which
electrons are removed and directed by an accelerating voltage. For the JEOL 2010 TEM, current
(106–108 A) is applied to a LaB6 filament which emits electrons thermionically.94 The 200 KV
accelerating voltage accelerates them through a set of magnetic lenses. The magnetic field from
the magnetic lenses focuses the electrons into a beam that converges through a central point, the
focal point. The beam passes through an objective aperture to remove stray electrons while
allowing the center of the beam to pass through. These electrons pass through the sample and
the focal point. Electrons can be scattered by atoms in your sample, and are scattered more
effectively by atoms with higher atomic number.93 The electrons that are not scattered are
transmitted and used to generate the bright field image. These pass through an aperture to
remove scattered electrons and are focused by another set of magnetic lenses before striking the
detector to create the bright field image. We first use a fluorescent screen as a detector and
attempt to focus the image by adjusting the height of the sample stage (Z-height) to position our
sample at the focal point. Once the bright field image appears to be in focus, and the contrast of
the image is low, then the fluorescent screen is removed to allow the electrons to pass through to
the HRTEM digital camera.94 While observing the live feed from the camera, we fine tune the
focus to obtain clear images. This allows us to observe the size and morphology of nanocrystals
in this work.

Images are processed and saved with Amtv600 software from the

Advanced Microscopy Techniques Corporation.
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2.2.2. Composition Determination by EDS. The EDS technique takes advantage of the
X-rays released by the process of scattering electrons, and is often coupled with TEM as an
accessory to the microscope. Our JEOL 2010 TEM is coupled to an EDS detector by EDAX Inc.
When electrons are scattered by atoms, the incident electrons can remove inner shell electrons (K
shell or 1s) from the atom. As a result, higher energy electrons such as L shell (2s) or M shell
(2p) can emit X-rays to relax and fill the hole in the inner shell (Figure 2.1).93 This transition
will release an X-ray with an energy equal to the difference between the two levels, resulting in a
frequency () according to E = h, with E being energy and h being Planck’s constant. Since
chemical bonds are formed with valence electrons, transitions between other energy levels are
characteristic of the particular element of an atom, rather than its bonding to other atoms. This
allows EDS to detect individual elements in a sample according to characteristic X-rays that are
emitted. The X-rays are counted over a period of seconds by a solid-state semiconductor
detector. They excite electrons to generate holes and excited electrons, which are measured as a
charge pulse which is converted to a voltage pulse by a charge-to-voltage converter.94 The data
is processed by the EDAX genesis software 1.0. The spectrum is basically a histogram created
from the X-rays detected at each energy. The result is a plot of counts versus energy that
exhibits peaks at the energies released by electronic transitions in the elements that are detected.
The energy for the peak may be consistent with transitions of several different elements;
therefore, the user will choose the element from this list that is likely to be in the sample. If
more than one of these elements is likely to be present (overlapping peaks), then it may be
necessary to use a different peak (K, L, or M). Once the element is chosen, the peak area is used
with a scaling factor specific to the element and the transition to calculate the mass present for
each element. The mass of each element is reported as a weight percent of the total mass of all
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the elements chosen, and these are used to calculate the atomic percent of each element detected
based off of the atomic weight. For example, PbTe nanocrystals would ideally exhibit 50 %
atomic percent each for Pb and Te, for a ratio Pb:Te of 1:1.

Figure 2.1 A simple diagram of inner shell electrons (K shell, L shell, and M shell) in an atom. An electron from the electron
gun ionizes a K shell electron, and an electron from the L shell relaxes via emission of an X-ray.

2.2.3. Investigation of Phase and Crystallite Size by XRD. Solids were analyzed for
crystalline features by X-ray Diffraction (XRD) with a Rigaku Smartlab Powder X-ray
Diffractometer over a range from 20–80 = 2Powders are mounted on a zero-background
quartz sample holder. For incorporation of Silicon as an internal standard, a spatula-tip of silicon
is mixed with the analyte by grinding prior to mounting. Jade 5.0 software is used to process the
diffraction patterns. Diffraction patterns from the ICDD Powder Diffraction File (PDF) database
were compared to patterns from our products to identify crystal structures.
Most XRD instruments have several main parts: an electron source, a metal anode as the
X-ray source, a monochromator, a stage to hold the analyte, and a detector. The electron source
consists of a filament, from which electrons are accelerated at a controlled voltage. These strike
the anode (usually copper) and remove inner shell electrons. Higher energy electrons relax to fill
the holes and emit X-rays. This occurs similarly to the generation of X-rays described above for
the EDS technique (Figure 2.1). The monochromator selects the desired X-ray wavelength. For
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a copper anode, this usually corresponds to the  transition of an electron from an outer shell
(the 2p orbital) to the inner  shell (the 1s orbital).93 A basic monochromator consists of a
diffraction grating and a properly placed mirror to redirect the desired wavelength to the analyte
stage. The X-rays are scattered by atoms in the solid, directing some of them back toward the
detector.
The  wavelength is small enough (1.54 Å)93 to interact with parallel, repeating planes
(lattice planes) in a crystal like a diffraction grating because it is on the scale of interatomic
distances in a solid. As the X-ray hits the solid analyte, it can be scattered off lattice planes near
the surface of the solid or pass through and penetrate until scattering off a plane deeper in the
crystal. Some of the scatter exits back out through the surface of the crystal toward the detector.
The X-rays scattered off of a plane at the surface will travel a different pathlength than those that
scatter off of planes in the interior of the solid. This results in X-rays traveling many discreet
pathlengths. The different pathlengths result in a difference in phase leading to constructive or
destructive interference (Figure 2.2).93

Constructive interference between two pathlengths

results in a maximum in X-ray intensity (a peak).

Figure 2.2 Interaction of X-rays of  wavelength with a parallel set of planes with lattice spacing d by two different paths and
incident angle .
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According to Bragg’s Law, constructive interference between waves of light in two
pathlengths results in a maximum intensity depending on the incident angle of the X-ray
intersecting the plane of atoms (), the X-ray’s wavelength (), and the distance between the
planes (d). Distance between planes is also commonly referred to as the d-spacing or lattice
spacing of planes. The n-th intensity maximum occurs at n = 2d(sin) with n equal to an
integer.93 There is more than one maxima because the waves from two pathlengths will be in
phase as long as the pathlengths differ by an integer number of 
Due to the dependence of Bragg’s Law on the incident angle of the X-ray (), and the
random orientation of crystals in a powdered sample, the  is scanned through a range to obtain a
spectrum. To do this, the sample stage could simply be tilted through a range of angles, but to
avoid disturbance of the sample, common setups actually move the source beam and the detector
in tandem as if revolving partially around the stage.

The detected X-ray intensities are

commonly plotted relative to 2, and these are compiled in reference libraries according to
compound and crystal type. The d-spacing between planes depends on the interatomic spacing
and arrangement of atoms in the crystal type. The peak intensities depend on the element type,
because heavier atoms have more electrons and scatter X-rays more efficiently, and the
symmetry of the unit cell. Thus, the combination of composition and structure type of a material
results in a unique diffraction pattern that can be catalogued for comparison.
The size of the crystal, or crystallite size, also has an impact on the diffraction pattern.
For bulk materials, a particular plane will be regularly repeated with the same d-spacing many
times. Each repetition will contribute intensity when conditions are correct for constructive
interference according to Bragg’s Law. For instance, if the angle is correct for constructive
interference by Bragg’s Law for two consecutive planes, planes 1 and 2, then the pathlength
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from a third plane would also interfere constructively because the d-spacing is doubled, and n is
an integer; therefore, n = 2*(2d)(sin) would hold true simply by doubling n. This will work
for each parallel plane. Consider that, if n=1 in Bragg’s Law, then the diffracted light from plane
1 would interfere constructively with a plane at d angstroms away, or 2d (n=2) angstroms away,
or 3d (n=3), and so on.

This will increase the signal intensity at the  for constructive

interference at the particular d-spacing of the lattice planes. Lattice imperfections, especially
lattice strain at the surfaces of the material, will slightly change the d-spacing and lead to peak
broadening. The same effect is observed for nanocrystals, where there are insufficient planes to
ensure perfect destructive interference around  Thus, the shape of the X-ray peak is dependent
on the size of the crystallite perpendicular to the plane of atoms responsible.
The Scherrer equation allows estimation of the crystallite size based on a diffraction
peak, and can differ depending on the peak chosen due to anisotropic growth. The Scherrer
equation is  =  (cos)−1 and relates the crystallite size () to the wavelength of the X-ray (),
the Full Width at Half Maximum (in radians) of the peak (), and . The  is the shape factor,
which varies from 0.89 for spherical crystallites to 0.94 for cubic crystallites. Crystallite sizes
are estimated in this work using the Jade 5.0 software to assign  and apply the Scherrer
equation. It should be noted that for nanocrystals, the estimation of the crystallite size assumes
that the entire particle is one crystal, and does not include amorphous regions on the surface.
Therefore, the estimated size is often smaller than that observed by TEM for monodisperse
samples.
2.2.4. Elemental Analysis. Elemental analysis is carried out on the tetrahedrite and
PbTe-based materials by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
to determine the composition prior to hot-pressing. Samples are prepared by grinding into a
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powder to obtain a representative sample. The powder (~14 mg) is precisely weighed on a
microbalance and dissolved in a combination of concentrated hydrochloric and nitric acids
consisting of 10 ml nitric acid and 30 ml hydrochloric acid. Once digested, the resulting solution
is diluted with de-ionized water to 500 mL in a volumetric flask. Analysis is carried out by a
Horiba Ultima ICP-OES. For the tetrahedrite doped in-situ with zinc (discussed in Chapter 5)
analyte solutions are prepared as above, but analysis is carried out using Inductively Coupled
Plasma Mass Spectroscopy (ICP-MS) with an Agilent Technologies 7700 Series ICP-MS.
In ICP-OES, the analyte solution is atomized by the ICP torch. The electrons of each
element are constantly being excited followed by relaxation through release of photons. Since
the elements are atomized, the wavelengths of emitted photons depend on the element present
and its electronic transitions. The instrument is set to detect the characteristic wavelengths of the
analyte elements.

Calibration standards are prepared from stock solutions of the ionized

analytes. These are used first to calibrate the detector for the expected wavelengths. The
detector scans a range of wavelengths with high resolution (0.1 nm) around that expected for an
analyte. Then, the wavelength with the highest signal is chosen for that element. Once this has
been repeated for each analyte, the calibration standards are used to plot calibration curves as
signal versus concentration for each analyte. Finally, the unknown solution, formed by digesting
the sample, is atomized by the ICP torch and emissions at selected wavelengths are used to
determine concentrations of the analyte elements. The relative concentration detected determine
the composition of the original sample.
For ICP-MS, samples are again atomized by the ICP torch. Subsequently, these are
carried by a flow gas into the mass spectrometer. Due to ionization of the atoms by the torch,
they are separated due to mass to charge ratio and detected. Similarly to ICP-OES, calibration
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standards are used to develop calibration curves relating signal to concentration. The relative
concentrations detected in the unknown solution, prepared by digesting the sample, are then used
to determine the composition of the sample.
2.2.5. Thermoelectric Characterization. For the PbTe-based samples, hot-pressing is
carried out at 70 MPa by heating to 330 °C and maintaining the temperature for 15 minutes
before allowing the sample to cool naturally. The inner diameter of the die is 10 mm, and results
in a disk approximately 3.6 mm thick. The density of the disk is determined to be at least 90% of
the theoretical density of PbTe.
A diamond saw is used to cut a rectangular parallelepiped of approximately 3x3x7 mm3
from the hot-pressed disk. The 3x3 mm2 dimensions are for the area (A) of the end of the pipe as
illustrated (Figure 2.3), and 7 mm is the length. Thermoelectric measurements are taken under
high vacuum over a temperature range of 220 K to 350 K using standard steady state techniques
in a cryostat isolated by continuous liquid nitrogen flow.92

Radiation losses of the

parallelepipeds are calculated based on the thermal conductivity of a Pyrex glass standard. The
radiation loss is corrected for in the sample by an empirical formula governed by the Stefan–
Boltzmann law, P=AT4, wherein P is the power irradiated from the sample, A is surface area, 
is the Stefan–Boltzmann constant, and T is the temperature. The error in electrical and thermal
conductivity measurements is estimated to be 5%.

Figure 2.3 A parallelepiped with an area at the end of A and a length of L.
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The cryostat setup contains multiple tools for measurement of thermoelectric properties
(Figure 2.4). Properties are measured over a temperature range, and the average temperature is
adjusted using a resistor.92 Voltage is applied to a resistor (800  at one end of the sample to
generate heat. The voltage to the resistor is drained by copper foil to prevent it from flowing
through the sample. A thermocouple at each end of the parallelepiped records temperature at
that end. These temperatures are different due to the low thermal conductivity of the sample.
Once the average temperature reaches the target, it is allowed to equilibrate for several minutes,
the applied voltage to the resistor is temporarily turned off so that electrical properties can be
measured.
The voltage drop across the length of the parallelepiped is recorded using the V+ and V−
electrodes. The difference in voltage between the two ends of the parallelepiped is used with the
difference in temperature to determine the thermopower ( according to the equation
= -ΔV/ΔT. Then, a current is applied by the I+ electrode and drained by the I− electrode. The
resulting voltage is measured across the V+ and V− electrodes according to the four probe
method.92 The thermopower voltage, ΔT, can contribute to the voltage measured, Vtot, in
addition to the voltage due to applied current, VIR, by the equation Vtot=VIR + ΔT. To cancel the
thermopower contribution, the voltage drop is measured while the current is applied from the I+
electrode to the I− electrode, and then vice versa.
𝑉𝐼𝑅 =

𝑉(𝐼 + )+ 𝛼Δ𝑇−[V(𝐼 − )+ 𝛼Δ𝑇]
2

.

This way, VIR can be calculated as

Resistance, R, is calculated according to Ohm’s Law by the

equation R = VIR/I, with V being voltage and I being current. The resistance of the sample is used
to calculate the resistivity (), as  = R*A/L, where R is the resistance in ohms, A is the area of
the square face of the parallelepiped, and L is its length. Once these measurements are complete,
the sample is heated to the next target temperature and the measurements are repeated.
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For the thermal conductivity, the voltage to the resistor is converted to power, P, by
P=VI. This is used with the cross sectional area, A, the difference in temperature measured by
the thermocouples, ΔT, which are separated by distance L, to calculate the thermal
conductivity,92

tot, with the equation κtot =

𝑉𝐼 x 𝐿
Δ𝑇 x 𝐴

.

Figure 2.4 The schematic setup for measuring electronic properties of the parallelepiped is displayed. Electrodes for applying
current (I+ and I−) and the voltage (V+ and V−) by the four probe method are labled. Thermocouples are attached at each end. A
resistor is used to apply heat.

Preparation of rectangular parallelepipeds of the tetrahedrite requires different conditions.
The tetrahedrite is hot-pressed under 80 MPa of pressure at 430 °C for 30 minutes before
allowing it to cool naturally. This forms a 4.5 mm thick disk (10 mm in diameter) that exhibits
at least 95 % of the theoretical density of tetrahedrite. A disk shaped portion of this sample is
removed by a diamond saw for use later in determining the thermal conductivity at high
temperature. Rectangular parallelepipeds (approximately 3 x 3 x 7 mm 3) for thermoelectric
characterization are cut from the remaining pellet using a diamond saw. Powder XRD analysis is
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carried out on the remaining pellet sections to determine the structure and phase purity of the
tetrahedrite after hot-pressing.
A continuous liquid nitrogen flow cryostat is used to determine the thermoelectric
properties of the tetrahedrite near room temperature as described for characterization of the
PbTe.

For high temperature measurements (~350 – 720 K) on the parallelepipeds the

thermopower and electrical resistivity are measured using the Ulvac ZEM-3 Seebeck
Coefficient/Electric Resistance Measuring System.

Unlike the cryostat used near room

temperature and below, the Ulvac ZEM-3 can controllably adjust the temperature of the sample
and measure properties up to 1073 K. This system employs an Infrared Gold Image Heating
Furnace that uses an Infrared lamp as the main heat source. A microheater is used to establish a
temperature difference by heating one end of the sample. The instrument provides automated
measurement of the voltage difference and application of current through a set of electrodes as
illustrated in Figure 2.4. The resistance is calculated by application of the 4 probe method as
described previously.
The separate disk (ca. 10 mm diameter by 1 mm thick) cut from the same hot-pressed
pellet as the parallelepiped is tested for thermal conductivity. The thermal diffusivity (D),
sample density (at room temperature), and the specific heat (Cp) are used to calculate the thermal
conductivity (κtot) using the equation κtot=D*density*Cp. The laser flash technique is employed
using a Netzsch LFA457 to measure the high temperature thermal diffusivity. The Netzsch
LFA457 instrument consists of a furnace equipped with a laser as a secondary heat source, a
thermocouple, and an infrared detector. The furnace adjusts the starting temperature of the disc,
and this is measured by the thermocouple. Then, the flat (front) side is irradiated by a short
energy pulse. The temperature is monitored on the back side by the infrared detector. The
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temperature on the back side will increase from the starting temperature to a maximum (T).
The time taken to reach half of T is t1/2. The diffusivity (D) is calculated from t1/2 and the
sample thickness (d) by the equation D = 0.1388 x d2 / (t1/2).
The specific heat capacity of the material is determined using a Netzsch DSC200F3 for
differential scanning calorimetry (DSC) on a scrap piece of the pellet left after cutting the disk
and the parallelepiped. The Netzsch DSC200F3 has a reference crucible and a sample crucible
mounted on a stage inside of a furnace. Each crucible holder is equipped with a thermocouple
for measurement of temperature. The furnace is heated to increase the temperature of the
reference crucible at a constant rate. The sample crucible will also increase at a constant rate,
but the temperature will be lower. The same amount of heat is being delivered to both sides;
therefore, T is related to the Cp and mass, m, by T = mCp. Specific heat values for these
samples agree with the Dulong-Petit value for pure Cu12Sb4S13.

The uncertainties in the

thermopower and electrical resistivity values are estimated to be 5%, and the uncertainty in the
thermal conductivity is estimated to be 10%.

2.3. MATERIALS
2.3.1. Materials for the Synthesis and Ligand Stripping of PbTe and PbS
Nanocrystals.

The following chemicals

were obtained from Aldrich Chemicals:

hexamethyldisilathiane (TMS, synthesis grade), lead(II) acetate trihydrate (puriss ACS reagent
grade), tellurium (99.8% trace metals basis), 1-octadecene (ODE, technical grade), oleic acid
(OA, technical grade), and tetrabutylammonium iodide (TBAI, 98%). The following chemicals
were obtained from Strem Chemicals: lead oxide (99.999+%), tri-n-octylphosphine (TOP, min.
97%), and ammonium sulfide (20% aqueous solution). The following chemicals were obtained
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from Fisher Chemical: acetone and hexanes (Certified ACS grade). Ethanol (200 Proof) was
obtained from Decon Laboratories, Inc., and methanol (ACS grade) from EMD Chemicals.
2.3.2. Materials for the Solvothermal Synthesis of Tetrahedrite. Antimony(III) sulfate
(>95%) and copper(II) nitrate hemi(pentahydrate) (98.0 – 102.0%) were obtained from Aldrich
Chemicals. Thiourea (99% min.) and antimony(III) chloride (99.0% min.) were obtained from
Alfa Aesar. Copper(I) chloride (99% purified) was obtained from Acros. The zinc(II) nitrate
hexahydrate and ethylenediamine (anhydrous) was obtained from Fisher Chemical. Ethanol (200
proof) was obtained from Decon Laboratories, Inc, and concentrated sulfuric acid was obtained
from EMD Chemicals. The copper(II) nitrate hemi(pentahydrate) was dried in an oven at 105 °C
for two days to result in basic copper nitrate, Cu2(OH)3NO3. The composition of the natural
mineral tennantite (designated here as NM) used for mixing was Cu10.0 Zn1.8Fe0.2As2.7Sb1.3S13.
This was purchased as a mineral specimen from Stefano Fine Minerals, Inc., Ann Arbor,
Michigan, USA.
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CHAPTER 3 : DESIGN OF LEAD TELLURIDE BASED
THERMOELECTRIC MATERIALS THROUGH INCORPORATION OF
LEAD SULFIDE INCLUSIONS OR LIGAND STRIPPING OF NANOSIZED BUILDING BLOCKS
3.1. INTRODUCTION
This chapter describes the multi-gram scale synthesis of dispersible, lead telluride (PbTe)
nanocrystals (25–50 nm) using hot-injection methods in common organic solvents and their use
to prepare nanostructured thermoelectric material. These nanocrystals (NCs) are ligand stripped
with methanol, methanol solutions of ammonium sulfide, tetrabutylammonium iodide, or
ammonium sulfide followed by tetrabutylammonium iodide to prepare samples for hot-pressing.
In addition, pre-grown lead sulfide NCs (4–6 nm) are combined with the dispersible PbTe NCs
by incipient wetness to form a nanocomposite sample. The resulting samples are annealed and
then hot-pressed into pellets and characterized for thermoelectric properties. The effects of
nanostructuring and ligand stripping on thermoelectric properties are evaluated. The work in this
chapter has been published.95 (Reprinted (adapted) with permission from James, D.; Lu, X.;
Nguyen, A. C.; Morelli, D.; Brock, S. L., Design of Lead Telluride Based Thermoelectric
Materials through Incorporation of Lead Sulfide Inclusions or Ligand Stripping of Nanosized
Building Blocks. J. Phys. Chem. C 2015, 119 (9), 4635-4644.

Copyright 2015 American

Chemical Society.)

3.2. EXPERIMENTAL
3.2.1. Synthesis of Multi-Gram Scale Lead Telluride Nanoparticles. A lead oleate
precursor is prepared by dissolution of lead acetate trihydrate (4.172 g) in a solution of oleic acid
(15.0 mL) and octadecene (50.0 mL) in a Schlenk flask equipped with reflux condensor by first
applying vacuum to remove moisture and then heating under argon flow to 170 °C for one hour.
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The resulting solution is then heated to 300 °C.

The tellurium precursor is prepared by

dissolution of elemental tellurium (1.394 g) in TOP (20.0 mL) with heating to 120 °C. The
tellurium precursor (18.0 mL) is then injected into the lead oleate precursor. Lead telluride
nucleates and is allowed to grow at this temperature for 10 minutes before lowering the
temperature to 260 °C for 10 minutes of solution-phase annealing.

This solution-phase

annealing step serves to improve the composition ratio of the nanocrystals, which is otherwise
very tellurium rich. The mixture is then removed from heat and allowed to cool naturally. The
particles are isolated by rinsing into centrifuge tubes with hexane, flocculating with acetone, and
centrifuging. The pellets are then washed by sonication in acetone, followed by centrifugation
and drying. The product may be re-dispersed in hexanes for characterization by Transmission
Electron Microscopy (TEM).
3.2.2. Synthesis of Lead Sulfide NCs (4–6 nm) Following the Work by Hines and
Coworkers.96 A mixture of lead oxide (0.450 g), OA (1.5 mL) and ODE (18.5 mL) is heated to
110 °C under vacuum with stirring. After 15 minutes, argon is introduced, and the temperature
is adjusted to 150 °C and maintained until a translucent yellow solution is obtained. The sulfur
precursor is prepared by adding 0.21 mL of TMS to 10 mL of ODE, and subsequently injected
into the lead oleate precursor solution. The mixture is allowed to cool naturally after 10 minutes
of growth, and then isolated by precipitating with ethanol. The product is washed three times by
redispersing in hexane and precipitating with ethanol.
3.2.3. Ligand Stripping with Sulfide67 or Iodide.68

Approximately 1.5 g of lead

telluride NCs are sonicated in 20 mL of 0.040 M ammonium sulfide or TBAI, respectively, in
methanol for 20 minutes and then washed by sonicating in methanol several times. For the
sample first stripped with sulfur followed by iodide, the same procedure is followed, but the
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ligand stripping is performed consecutively, including methanol washes between sulfur stripping
and iodide stripping. Each sample is then placed individually in an annealing-tube and purged
with argon for at least 10 minutes. The argon flow is stopped to avoid loss of tellurium while
heating (a bubbler prevents backflow of air). The temperature is raised to 300 °C at 10 °C per
minute and held at 300 °C for 15 minutes to anneal the sample and help ensure removal of
solvent. The tube is then sealed to allow the sample to cool naturally in the argon atmosphere.
3.2.4. Preparation of the Nanocomposite of Lead Sulfide and Lead Telluride (PbTePbS). Lead sulfide and lead telluride are weighed out in proportion to result in 8 mol% lead
sulfide when mixed. The lead sulfide is dispersed as a colloidal solution in hexane and mixed
with the lead telluride by incipient wetness under an inert atmosphere by adding 1–2 mL
increments of lead sulfide colloid solution in hexanes to the lead telluride NCs resulting in a
slurry, then grinding dry in a mortar and pestle. The sample is annealed by the same procedure
described for the ligand stripped samples.

3.3. RESULTS AND DISCUSSION
3.3.1. Synthesis and Characterization of PbTe Nanocrystals. In order to prepare
suitable quantities of material (ligand-stripped PbTe or PbTe/PbS nanocomposite) for
thermoelectric measurements (ca 2 g samples), a large-scale synthesis of PbTe nanocrystals is
needed. While such quantities of PbTe can be obtained by microwave syntheses, they consist of
either micrometer-scale dendrites97 or aggregates98 unsuitable for mixing. Similarly, the lack of
ligands in ball-milled PbTe ingots and the generally larger size of the resulting particles is
expected to inhibit dispersal in solvents for homogeneous mixing with PbS NCs.11,63,12
Relatively small, dispersible PbTe NCs can be prepared by solution-phase arrested precipitation
in the presence of surface binding agents (ligands), but only in small quantities6 suitable for thin
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films5 for which thermal conductivity measurements are not feasible.64,5,55 Thus, to provide
suitable quantities of lead telluride NCs for thermoelectric measurements in a practical manner, a
multigram scale synthesis of dispersible, 25–50 nm lead telluride NCs was developed using
standard Schlenk line techniques and common solvents. Briefly, lead acetate is dissolved in
oleic acid and octadecene at 300 °C, at which point a solution of trioctylphosphine telluride is
introduced by rapid injection, followed by annealing at 260 °C. This new method routinely
produces 1–2.5 g of product per synthesis (Figure 3.1).

Figure 3.1 (a) XRD data for lead telluride NCs. Silicon is present as an internal standard. The reference pattern for PbTe is
shown (red lines), and the peak indices and d-spacings are indicated. (b) TEM micrograph of lead telluride nanoparticles. The
inset shows the presumed 1–2 nm lead oleate clusters.

The crystalline nature of the lead telluride is evident by XRD (Figure 3.1a). The Scherrer
size estimate of 30 nm supports the size observed by TEM (ca 20–40 nm, Figure 3.1b). Lead
and tellurium are detected in a nearly 1:1 mole ratio (49:51) by energy dispersive X-ray
spectroscopy (EDS). The dot-like features in the inset of Figure 3.1b are likely clusters of the
lead oleate precursor,60 as the tellurium to lead mole ratio for these clusters is very low (13:87 by
EDS). These features are found at edges of groups of lead telluride nanoparticles, as well as on
their own all over the sample grid. Similar features have been observed in previous lead
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chalcogenide syntheses in which the lead oleate monomer is prepared as an intermediate product
by dissolution of lead acetate in an oleic acid solution.59-60
3.3.2. Ligand Stripping and Nanocrystal Mixing for Annealed Nanocomposites. In
the present work, two strategies are explored for improvement of the thermoelectric properties of
lead telluride nanostructures. The first strategy relies on ligand stripping of lead telluride NCs to
improve performance in single-component lead telluride nanostructures. Ligand stripping of
lead telluride NCs using ammonium sulfide67 or an iodide source68 is employed because these
ligand removal techniques have been demonstrated to increase σ in thin films of nanocrystals
relative to the native ligands resultant from the particle synthesis. The second strategy is to mix
lead telluride NCs with lead sulfide NCs to form a homogeneous nanocomposite. The mixed
NCs sample is prepared by combining lead telluride nanoparticles with pre-grown lead sulfide
NCs, 4–6 nm in diameter (Figure 3.2). Based on prior work on PbTe/PbS nanostructures
prepared by spontaneous phase segregation,10 a concentration of 8 mol % lead sulfide was
targeted for achieving maximum ZT.
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Figure 3.2 TEM micrograph of lead sulfide NCs as prepared and dispersed in hexane. The composition of the group of NCs
was determined by EDS and is displayed as atomic percentages.

The samples prepared include a control consisting of only lead telluride NCs washed with
methanol to remove ligands (PbTe), a sulfide stripped sample of lead telluride NCs prepared by
washing with ammonium sulfide solution (PbTe-S), a sample stripped consecutively with sulfide
and iodide solutions (PbTe-SI), an iodide-stripped sample (PbTe-I), and a composite of lead
telluride and lead sulfide NCs mixed by incipient wetness (PbTe−PbS).

All samples are

annealed under inert atmosphere to remove residual solvents and elemental sulfur generated by
the sulfide ligand stripping.
The annealed nanoparticle samples are investigated by XRD (Figure 3.3). All samples
exhibited reflections that could be indexed to lead telluride and the crystallite sizes were
estimated by application of the Scherrer equation (Table 3.1). The iodide stripping results in 40
nm lead telluride crystallites, with no indication of a crystalline lead iodide phase. Lead telluride
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crystallites in PbTe-I exhibited less growth during annealing relative to the 50-90 nm crystallite
size observed in all of the other samples, suggesting that iodide is acting to protect the particle
surfaces. To our surprise, the PbTe-S and PbTe-SI samples exhibited ca. 60 nm lead sulfide
crystallites after annealing in addition to PbTe. PbS formation may be a result of ammonium
sulfide reacting with the lead oleate clusters to form lead sulfide during annealing, or the sulfide
may be replacing telluride in existing lead telluride crystallites by anion exchange.

The

substantial growth of lead telluride crystallites in PbTe-S and PbTe-SI during annealing (to 90
and 70 nm, respectively) suggests that sulfide stripping provides mobility for the lead, inducing
ripening of lead telluride nanoparticles. In contrast, the growth of lead telluride crystallites in
both PbTe−PbS and the control (PbTe) is limited to a Scherrer size of 50 nm upon annealing.
Surprisingly, the mixed sample PbTe−PbS exhibits no evidence of crystalline lead sulfide after
annealing. This may indicate a larger energy barrier to sintering the pre-grown lead sulfide NCs
than to growing lead sulfide NCs from the sulfide stripped samples, PbTe-S and PbTe-SI, and/or
that the small amount of PbS in the mixed sample is insufficient to be detected by XRD.
Table 3.1 Scherrer sizes of lead telluride and lead sulfide crystallites after annealing (a) or hot-pressing (hp), as determined by
XRD. Samples include lead telluride that has been iodide stripped (PbTe-I), sulfur stripped (PbTe-S), consecutively sulfur and
iodide stripped (PbTe-SI), mixed with lead sulfide (PbTe–PbS), or washed with methanol (PbTe). The sulfur and iodine mole
fraction values relative to lead are determined by inductively coupled plasma optical emission spectroscopy (ICP-OES).
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Figure 3.3 XRD patterns of the iodide stripped (PbTe-I), sulfide stripped (PbTe-S), sulfide and then iodide stripped (PbTe-SI),
lead sulfide mixed with lead telluride (PbTe–PbS), and methanol-washed lead telluride (PbTe) samples after annealing shown
along with the Powder Diffraction File (PDF) patterns for silicon (internal standard, 27–1402), lead sulfide (78–1057, also
indicated by arrows) and lead telluride (77–0246).

Figure 3.4 TEM micrographs of lead telluride nanoparticles after iodide stripping (PbTe-I) before (a) and after (b) annealing.
Compositions, as atomic percentages, are displayed in the insets.
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Electron microscopy sheds light on how the samples are transformed during annealing.
For PbTe-I, the aggregates of lead telluride appear much larger in the TEM (hundreds of
nanometers) than the Scherrer size of 40 nm, suggesting that they contain multiple crystallites.
The composition of sample regions inside particles and at interparticle boundaries is measured
by EDS over several regions for comparison. The distribution of iodide becomes heterogeneous
after annealing (Figure 3.4). There is about 15 mol % iodine in a wide area before annealing,
and it is not matched stoichiometrically by the lead cation, which is determined to be in an
approximately 1:1 mole ratio with tellurium (Figure 3.4a). After annealing, most of the iodine
has been removed, with just a few percent remaining. The iodine appears to be more prevalent
between the aggregates of lead telluride, as exhibited by spot 2 versus spot 1 in Figure 3.4b,
suggesting iodide is segregated at the interfaces. These observations are replicated in other
regions of the sample (Table 3.2). Iodine is more prevalent between aggregates than inside
particles at the 95% confidence level because the confidence intervals do not overlap for the
iodine percentage detected in intraparticle and interparticle regions.
Table 3.2 Average iodine mole percentage for interparticle and intraparticle regions of TEM micrographs of PbTe-I after
annealing along with the standard deviations and 95% confidence intervals of the measurements.

Ligand stripping with sulfide results in a low contrast growth on the lead telluride NCs in
PbTe-S, as observed by TEM (Figure 3.5a), suggesting amorphous film formation; however,
Moiré fringes suggest a second crystalline phase with different lattice parameters is also growing
on the surface of PbTe, most likely PbS. Consistent with this hypothesis, EDS data suggest a
decrease in Te relative to Pb and a large excess of sulfur. Presumably, sulfide displaces some
telluride at the particle surface, giving rise to PbTe@PbS core@shell crystalline structures along
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with an amorphous sulfur species. Annealing at 300 °C removes much of the excess sulfur from
the lead telluride NCs, as the sulfur contribution decreases from 17 to 8 mol % for the entire
image in Figure 3.5a to Figure 3.5b. This agrees with the removal of excess sulfur from ligand
stripped PbS NCs at 300 °C, as reported by Robinson, et. al.67 However, the lead telluride NCs
are now sintered, resulting in large, sulfur-rich regions between them like spot 1, with levels of
sulfur nearly as high as those of tellurium. These large sulfur-rich regions may be the source of
the large lead sulfide crystallites indicated by XRD results.

Figure 3.5 TEM micrographs of the sulfide stripped lead telluride NCs (PbTe-S) before annealing (a), and after annealing (b).
EDS results for the images are displayed alongside as atomic percent. Moiré fringes are evident in panel a (circled particles) due
to interference patterns from two different lattice dimensions (presumably PbS over PbTe).

Examination of the sample stripped with sulfide and then iodide consecutively, PbTe-SI,
reveals similar features to PbTe-S. Specifically, a low contrast growth and Moiré fringes are
observed on the lead telluride NCs before annealing along with an anion-rich composition
(Figure 3.6a). Annealing greatly decreases the sulfur mol % from 15 to 7.8; however, similarly
to PbTe-S, the material after annealing contains large crystallites of lead sulfide as determined by
application of the Scherrer equation to the XRD data (Table 3.1), and the material is now very
heterogeneous in composition (Figure 3.6b). Between the sintered lead telluride NCs, which
exhibit about 6 mol % sulfur, there are sulfur-rich regions with up to 18 mol % sulfur. Iodine is

54

also detected and decreases during annealing from 2 to 1 mol % for a wide area, with more of it
detected (1.3 mol %) between the sintered lead telluride than in or on the lead telluride (0.8 mol
%).

Figure 3.6 TEM micrograph of lead telluride nanoparticles stripped first with sulfide and then with iodide (PbTe-SI) before
annealing (a) and after annealing (b). The compositions determined for the images by EDS are displayed as atomic percentages.

In contrast to samples stripped with ammonium sulfide, evidence for lead sulfide
crystallites was not apparent in the XRD pattern for the lead telluride NCs mixed with lead
sulfide NCs sample, PbTe–PbS, after annealing at 300 °C. However, sulfur-rich regions are
observable in TEM–EDS post-annealing (Figure 3.7), suggesting that PbS inclusions are present.
The sulfur content is not uniform throughout the sample (see spot 1 vs spot 2). Thus, the PbS
NCs do not appear to be homogeneously deposited on the PbTe in the course of incipient
wetness.
Finally, examining the control sample, PbTe, by TEM and EDS after annealing reveals
that the smaller crystallites of PbTe (Table 3.1) are severely aggregated in the TEM micrograph
(Figure 3.8) compared to their original appearance in Figure 3.1. These aggregates of small
crystallites are visually similar to the iodide stripped samples, but have a ratio of exactly 1:1 lead
to tellurium by EDS.
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Figure 3.7 TEM micrograph of mixed lead sulfide and lead telluride NCs (PbTe–PbS) after annealing. The EDS-determined
compositions of two regions are displayed as atomic percentages.

Figure 3.8 TEM micrograph of the control sample of methanol-washed lead telluride NCs (PbTe) after annealing

Meaningful measurement of thermoelectric properties is most easily attained on largescale (grams) dense samples. Accordingly, the annealed samples were hot-pressed at 330 °C
under 2000 psi to produce pellets from which samples can be cut of appropriate geometry for
measurement of α, σ and κ. In order to probe the effect of hot-pressing on nanoparticle sintering,
all samples were probed by XRD (Figure 3.9).
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Figure 3.9 XRD spectra of the iodide stripped (PbTe-I), sulfide stripped (PbTe-S), sulfide, then iodide stripped (PbTe-SI), and
methanol stripped (PbTe) lead telluride as well as lead sulfide NCs mixed with lead telluride NCs (PbTe–PbS) samples after hotpressing are shown along with the PDF files 27–1402 for silicon, 78–1057 for lead sulfide (arrows), and 77–0246 for lead
telluride.

While the lead telluride crystallites in the iodide stripped sample, PbTe-I, did not sinter
during annealing, they did exhibit growth during hot-pressing (from 40 to 60 nm, Table 3.1).
Iodine is detected in this sample, with 1.7% iodine relative to lead (Table 3.1), which is much
higher than the iodine composition in the phase-segregated sample prepared by the Kanatzidis
group (0.110% iodine relative to lead).10 The lead telluride crystallites in the PbTe-S and PbTeSI samples exhibit the same Scherrer size after hot-pressing as after annealing; the lead sulfide
crystallites in PbTe-S were also unchanged after annealing, whereas they grew slightly, to 70
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nm, for PbTe-SI.

Therefore, for the sulfide stripped samples, most the crystallite growth

occurred during the annealing step, leaving their sizes stable for the hot-pressing step. In
contrast, the mixed sample, PbTe–PbS, exhibited quite the opposite behavior. While the PbTe–
PbS sample did not exhibit any lead sulfide phase after annealing, indicating that the
incorporated lead sulfide NCs did not sinter, crystalline lead sulfide is apparent after hotpressing, and can be modeled as particles with a Scherrer diameter of 40 nm (Table 3.1). By
comparison, this is still smaller than the 60 nm Scherrer size for crystallites in the hot-pressed
PbTe-S sample (Table 3.1). This may suggest that starting with pre-grown lead sulfide NCs
results in growth of smaller lead sulfide crystallites than ligand stripping with sulfide. However,
the sulfide stripped samples contain ca. 4x more sulfur than the mixed sample relative to Pb
(Table 3.1), so it may be that the amount of PbS present is the determiner of crystallite size after
hot-pressing. Investigating the control sample, PbTe hp, by XRD reveals that the lead telluride
crystallites grow to about 60 nm during hot-pressing even without any ligand stripping or sulfide
present.

Therefore, the size of the lead telluride crystallites is fairly consistent among all

samples after hot-pressing, at 60–70 nm in diameter.
3.3.3. Thermoelectric Characterization of Hot-Pressed Nanocomposites. The hotpressed materials were characterized with respect to their thermoelectric properties over the
temperature range 220–350 K. A compilation of room-temperature thermoelectric properties for
all measured samples is displayed in Table 3.3 for comparison.
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Table 3.3 Thermoelectric properties of the hot-pressed samples at room temperature.

The temperature-dependence of the Seebeck coefficients is displayed in Figure 3.10a.
For the ligand stripped samples (S, I, or SI) doping by sulfide and by iodide during the ligand
stripping process is reflected in the data. Iodine has one more electron per anion than tellurium;
therefore, substitution of iodine for tellurium provides additional electrons, and they can easily
be excited to the conduction band and serve as additional negative carriers. Thus, PbTe-I hp is
an n-type material with a large negative Seebeck coefficient at room temperature (–540 µV∙K-1).
This thermopower is 70% larger than the –320 µV∙K-1 observed by Fang, et. al. for their most
electrically conductive film of iodine-doped (5.05%) PbTe NCs5 and 170% larger than the
thermopower observed by Cao, et. al. for a pellet of relatively large, un-doped PbTe particles.13
In contrast, substitution of tellurium with sulfur results in a p-type material because the band gap
of lead sulfide is larger, and the valence band of lead sulfide is lower in potential energy than
that of lead telluride, allowing lead sulfide to accept electrons from lead telluride. In the present
case, doping is combined with formation of phase segregated lead sulfide crystallites. Not
surprisingly, the sulfide stripped sample, PbTe-S hp, demonstrates a high, positive Seebeck
coefficient of 520 µV∙K-1 at room temperature, consistent with p-type doping.

This

thermopower is higher than that reported for the hydrazine treated film of PbTe wires (410
µV∙K-1)53 by Yan, et. al. but lower than those reported for nanowires washed with ethanol (628
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µV∙K-1)54 or for a pellet of 30 nm PbTe grains enhanced by oxide boundaries for carrier filtering
(625 µV∙K-1).6 For the samples subjected to both sulfide and iodide stripping (PbTe-SI hp) the
effects of counter-doping are evident, resulting in a small, negative Seebeck coefficient.
When PbTe and PbS NCs are hot-pressed to form a composite (PbTe–PbS hp), an n-type
material with a Seebeck coefficient of –160 µV∙K-1 is obtained. This is considerably larger than
the –100µV∙K-1 recorded at room temperature for the 8 mol % lead sulfide composite in the
previous work by the Kanatzidis group using iodide-doped PbTe,10 but on par with a
nanostructured pellet of PbTe.13

The Seebeck coefficient for the PbTe–PbS hp sample is

somewhat smaller in magnitude than that for the methanol-washed hot-pressed PbTe sample
(also n-type), suggesting that PbS nanoparticles are injecting holes into the inherently n-type
PbTe and annihilating excess electrons. Carrier injection from differing NCs has also been
reported by Urban, et. al. in a composite film of PbTe and Ag2Te NCs where the Ag2Te NCs
served as a source of holes for p-type doping.55

Figure 3.10 Temperature-dependent Seebeck coefficient (a) and electrical conductivity (b) values of hot-pressed samples.

Ligand stripping was expected to lead to increased electrical conductivity, based on
reports for thin films, because removal of the insulating ligands from the nanoparticles results in
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better contact between their interfaces.5,55,67,68,53 Electrical conductivity data are shown in Figure
3.10b. The electrical conductivity of all of the ligand stripped samples is decreased compared to
the control, 3.2 S∙cm-1 for PbTe hp at 300 K, which is itself at the very low end of electrical
conductivity for bulk lead telluride.12 The behavior of PbTe hp is expected due to the lack of
intentional doping and the nanocrystalline nature of the pellet sample. Nevertheless, PbTe hp
actually exhibits higher electrical conductivity than hydrazine treated thin films of iodine doped
NCs (0.4 S∙cm-1)5 and has a value similar to σ observed for a film of hydrazine treated PbTe
nanowires (~5 S∙cm-1)53 or a composite film of hydrazine treated PbTe and Ag2Te NCs (4.8
S∙cm-1),55 although these values are still much lower than the ~210 S∙cm-1 achieved by a pellet of
relatively large particles from a ligand free synthesis.13

For much higher electrical

conductivities, intentional doping with 0.055 mol % lead(II) iodide in solid state synthesis can
adjust the number of carriers to approximately 5.0 x 1018 cm-3 with a corresponding carrier
mobility of up to 1.5 x 103 cm2∙V-1s-1 for an electrical conductivity of 1200 S∙cm-1.10 However,
doping in the current work is not well controlled and leads to a surprising decrease in
conductivity for the ligand stripped samples. For PbTe-S hp, the PbTe is doped with sulfur,
yielding the large, positive Seebeck coefficient. Too much sulfur dopant results in too many
holes as carriers, leading to a decrease in mobility and decreased electrical conductivity (0.97
S∙cm-1) at room temperature. A similar phenomenon occurs in the iodide stripped sample, PbTeI hp, where there are too many electron carriers, resulting in low electrical conductivity (0.01
S∙cm-1) as well as in counter-doped samples (PbTe-SI, 0.12 S∙cm-1).
PbTe–PbS hp demonstrated the highest electrical conductivity in this work (42 S∙cm-1 at
300 K). The addition of PbS decreases the number of carrier electrons leading to the smaller
Seebeck coefficient and the increased electrical conductivity of PbTe–PbS hp compared to the
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control (PbTe hp). The resulting trends of increasing electrical conductivity and a smaller
Seebeck coefficient were also documented by the Kanatzidis group as they increased the mole
percentages of lead sulfide in their n-type lead telluride.10
Thermal conductivity data are shown in Figure 3.11. The lattice thermal conductivity
(Figure 3.11b) is calculated from the thermal conductivity (Figure 3.11a) and the electrical
conductivity (Figure 3.10b) according to the relationship total–carrier = Lat and carrier = LT,
with L being the Lorenz number and T being the temperature.10 The Lorenz number value of
2.44 x 10-8 W∙Ω∙K-2, the value for degenerate semiconductors, is chosen as appropriate for this
system in accordance with work by the Kanatzidis group.10 In all cases, the lattice thermal
conductivity represents the majority of the total thermal conductivity. This is not surprising
given the low electrical conductivity observed for all samples. We find that the lattice thermal
conductivities, Lat, at room temperature are lower for all samples displayed in Figure 3.11b than
the literature value for bulk lead telluride (2.0 W∙m-1K-1).10

This is expected due to the

nanocrystalline nature of the lead telluride comprising the samples.

Figure 3.11 Thermal conductivity (a) and lattice thermal conductivity (b) values near room temperature plotted as a function of
temperature for the sulfide stripped sample (PbTe-S hp), the sulfide and iodide stripped sample (PbTe-SI hp), the control (PbTe
hp), the iodide stripped sample (PbTe-I hp), and the composite of mixed lead sulfide and lead telluride nanoparticles (PbTe–PbS
hp). The data point at 290 K for PbTe-S and PbTe–PbS is removed because of a common fluctuation that occurs from melting of
small ice crystals in the cryostat.
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For the sulfide stripped, iodide stripped, and PbS/PbTe composite samples, the lattice
thermal conductivity is suppressed below that of the control, PbTe hp (1.4 W∙m-1K-1), which is
actually rather high, nearly twice that of the 0.75 W∙m-1K-1 reported by Cao, et. al for hot-pressed
pellets of PbTe NCs (200 nm grain size).13 In contrast, the sulfide and iodide stripped sample
has the largest lattice thermal conductivity. This sample, PbTe-SI hp, also had the largest PbS
crystallite size for inclusions after hot-pressing, which may be a contributing factor as matching
phonon dispersion length scales with inclusion size is essential for lowering lattice thermal
conductivity. Both the PbTe–PbS hp and PbTe-S hp samples had lower Lat compared to the
control. This is achieved with less lead sulfide mole percentage in the PbTe–PbS hp sample than
in PbTe-S hp, in spite of the larger lead telluride crystallites, implying that the smaller lead
sulfide nanocrystals are more effective at scattering phonons than the 60 nm lead sulfide in
PbTe-S hp. However, the Lat is still higher than that achieved in the previous work by the
Kanatzidis group, in which 0.4 or 0.8 W∙m-1K-1 is achieved by precipitating 8 mol % or 4 mol %
lead sulfide in lead telluride, yielding PbS crystallites of 3–10 nm in diameter).10 These data
suggest that, if the current methods are to demonstrate such low values, then the growth of lead
sulfide nanocrystals must be limited. PbTe-I hp exhibits the lowest Lat in the current work,
which was unexpected.

It appears that an amorphous iodide layer between lead telluride

crystallites is moderating the propagation of phonons in the lattice.
The ZT values as a function of temperature are shown in Figure 3.12. In general, the
relatively low electrical conductivities observed for the samples in the current work result in low
ZT values (<0.05). PbTe–PbS hp has the largest ZT of all samples measured due to the large
electrical conductivity, followed by PbTe-S hp due to the high Seebeck coefficient and a lattice
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thermal conductivity similar to that of PbTe–PbS hp. Iodide stripped samples PbTe-I hp and
PbTe-SI hp have the smallest ZT, lower than the PbTe control, dominated by the low electrical
conductivity in these samples.

These data underscore the importance of developing new

methods for augmenting electrical conductivity if nanoparticle assemblies are to be practically
employed in thermoelectrics.

Figure 3.12 Thermoelectric Figure of Merit, ZT, values as a function of temperature.

3.4. Conclusions
A multi-gram synthesis of lead telluride nanoparticles has been developed, producing
quantities of crystalline material per synthesis suitable for thermoelectric testing. The resultant
PbTe nanoparticles have been used to prepare nanocomposites with lead sulfide through physical
mixing by incipient wetness as well as the surprising, in-situ growth of lead sulfide nanocrystals
during ligand stripping by ammonium sulfide. Both methods of lead sulfide incorporation
decrease the lattice thermal conductivity slightly versus the control. However, these values are
still quite high compared to the 0.4 W∙m-1K-1 achieved by precipitation from a melt in previous
work by Androulakis et. al.10 The higher values of lattice thermal conductivity observed in this
study are thought to be due to failure of the lead sulfide nanocrystals to maintain their small size.
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In comparison to bulk lead telluride, most of the decrease in lattice thermal conductivity
observed in nanocomposites from this work results from nanostructuring of the lead telluride
itself, as evidenced by the low lattice thermal conductivity of the control sample. All of the
materials, however, exhibit low electrical conductivity.

Ligand stripping of lead telluride

nanoparticles with sources of sulfide and iodide was attempted to increase the electrical
conductivity of the resulting nanostructures. However, the ligand stripping is found to dope the
resulting nanostructures severely enough to not only determine whether they will be n-type or ptype, but also to greatly decrease the electrical conductivity. Much greater control over the
degree of doping due to ligand stripping is needed in order to make this process viable. Since
doping of nanoparticles is yet in its infancy, the simplest way to improve these nanostructures is
to remain focused on the thermal conductivity, which is expected to be decreased beneficially by
limiting the size of the nanoparticles.
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CHAPTER 4 : SOLVOTHERMAL SYNTHESIS OF TETRAHEDRITE:
SPEEDING UP THE PROCESS OF THERMOELECTRIC MATERIAL
GENERATION
4.1. INTRODUCTION
In the present work, we develop and optimize a ligand-less solvothermal route to
synthetic tetrahedrite that can be done with one day of heating at moderate temperatures (ca 150
°C) and allows parallel processing due to the manageable temperature and pressure requirements.
We begin by repeating a solvothermal synthesis of tetrahedrite from the literature. This is hotpressed alone as well as after ball-milling with the natural mineral tennantite in a 1:1 mole ratio.
The resulting tetrahedrite is characterized for thermoelectric properties around room temperature
and found to have low performance. Due to the high chlorine content in these samples, we
substituted nitrate and sulfate salts for the metal chloride precursors. The synthesis is repeated
with the reducing solvent, ethylenediamine, in order to obtain the tetrahedrite crystal structure.
The ratio of sulfur to copper precursor is modulated to determine the effect on the resulting
crystal structure, composition, and crystalline impurities. Multiple syntheses are carried out in
parallel and combined to form samples for hot-pressing.

The hot-pressed pellets are

characterized for thermoelectric properties for comparison. The solvothermal tetrahedrite is also
ball-milled in a 1:1 mole to mole ratio with natural mineral (tennantite). We show that properties
of the solvothermal tetrahedrite are comparable to those produced by solid state methods and that
our product is amenable to doping by mixing with tennantite.99 The work presented in this
chapter has been published. (Reprinted (adapted) with permission from James, D. J.; Lu, X.;
Morelli, D. T.; Brock, S. L., Solvothermal Synthesis of Tetrahedrite: Speeding Up the Process of
Thermoelectric

Material

Generation.
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4.2. EXPERIMENTAL
4.2.1. Synthesis and Characterization of Tetrahedrite: Literature Method. There is
one previous report of a solvothermal synthesis of tetrahedrite, and we used this as a basis of our
initial exploration. The literature synthesis100 is scaled down from the 50 mL vessel size to the
23 mL vessels that we had available. Briefly, 0.2944 g of copper(I) chloride, 0.2261 g of
antimony(III) chloride, 0.2452 g of thiourea, and 18.4 mL of ethanol (200 proof) are added to a
solvothermal vessel, which is then sealed in a stainless steel bomb and heated at 155 °C for 20
hours. After allowing the vessel to cool, the product is filtered and washed three times with
deionized water followed by three ethanol washes. Subsequently the product is dried under
vacuum at 50 °C.100 This synthesis is repeated several times and the products combined to result
in several grams of material for thermoelectric characterization.
4.2.2. Synthesis of Tetrahedrite: Chloride Free with 100% Molar Excess Sulfur
Source. Basic copper nitrate (Cu2(OH)3NO3, 0.3570g), antimony(III) sulfate (0.2503g), thiourea
(0.4904g), and ethylenediamine (18.4mL) are combined in a 23 mL Teflon vessel. This is heated
in a sealed stainless steel bomb in a furnace at 155 °C for 20–24 hours before the furnace is
turned off and the pressurized vessel is allowed to cool on the benchtop. The product is then
isolated by centrifugation and washed 1x with deionized water, followed by 5x with concentrated
sulfuric acid, 2x with deionized water, and 1x with ethanol. The product is then dried under
vacuum for at least four hours.
4.2.3. Synthesis of Tetrahedrite: Chloride Free with 300% Molar Excess Sulfur
Source. The synthesis is identical to that described above except that thiourea was increased to
0.9808 g and the isolation was performed by washing with deionized water (with agitation)
followed by centrifugation, followed by washing with sulfuric acid (for one minute, again with
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agitation) a total of 5x, followed by 2x with deionized water and 1x with ethanol. The yield is
about 0.25 g per solvothermal vessel (64% of theoretical yield of 0.3922 g), and these were
typically prepared in groups of four at a time.
4.2.4. Synthesis of Tetrahedrite: Solid State Method. For comparison to solvothermal
materials, solid-state tetrahedrite was prepared as described in the literature.2
4.2.5. Mixing of Tetrahedrite with NM. Tetrahedrite (solvothermally or solid-state
prepared) is ground together with the NM to target a 0.9 mol equivalent of Zn. These mixtures
were then ball-milled at 1060 cycles per minute for 30 min using a stainless steel ball mill set in
a SPEX 8000 Series Mixer.

4.3. RESULTS AND DISCUSSION
4.3.1. Synthesis and Characterization of Tetrahedrite: Literature Method. As a
starting point to develop a facile and rapid synthesis of tetrahedrite, our initial studies focused on
the one (to our knowledge) report of tetrahedrite formation by a solvothermal approach.100 This
method involves reaction of thiourea (as a sulfur source) with chloride salts of Cu+ and Sb3+ in
ethanol in a stainless steel bomb under autogenous pressure at 155 °C for 20 hours.
Powder XRD data from the product obtained from the literature preparation reveals both
famatinite (Cu3SbS4) and tetrahedrite (Cu12Sb4S13) phases (Figure 4.1), as well as additional
impurities that could not be identified relative to known phases in the ICDD-PDF database. The
composition was determined to be Cu15.8Sb7.8S13 by ICP-OES, which is metal-rich in both copper
and antimony. Investigation by TEM and EDS revealed the product to be heterogeneous and to
incorporate chlorine (Figure 4.2). The EDS of the region imaged in Figure 4.2a suggests a
composition of Cu13.2Sb4.6S13Cl0.8, once scaled to a sulfur mole contribution of thirteen. This is
less metal-rich than the bulk composition determined by ICP-OES, but there is still more metal
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than called for by the tetrahedrite formula and the chlorine contributions cannot be neglected.
The EDS of the region imaged in Figure 4.2b does not show any Sb or Cl, and suggests a
composition of Cu2.0S0.8, similar to copper(I) sulfide, although this phase is not observed in the
XRD pattern, suggesting it is present in small quantities and/or is amorphous.

Figure 4.1 XRD patterns of tetrahedrite synthesized by the reported literature method before (Cu15.8Sb7.8S13) and after hotpressing (Cu15.8Sb7.8S13 hp). PDF patterns 42–0561 and 35–0581 are displayed for tetrahedrite (Cu12Sb4S13) and famatinite
(Cu3SbS4), respectively. The literature-prepared tetrahedrite is ball-milled in a 1:1 molar ratio with the natural mineral tennantite,
Cu10Zn1.8Fe0.2As2.7Sb1.3S13, and hot pressed to produce Cu15.8Sb7.8S13 + NM hp.
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Figure 4.2 TEM images of different regions of literature-prepared tetrahedrite revealing different compositions by EDS a)
Cu13.2Sb4.6S13Cl0.8 b) Cu2.0S0.8.

The literature-prepared tetrahedrite is hot-pressed alone and after mixing with the natural
mineral (abbreviated as NM) tennantite (Cu10Zn1.8Fe0.2As2.7Sb1.3S13) to achieve a 1:1 molar ratio.
After hot-pressing at 430 °C the material (Cu15.8Sb7.8S13 hp) exhibits the XRD pattern of
tetrahedrite (Figure 4.1) with few apparent crystalline impurities, suggesting the hot-pressing
process was able to homogenize the mixture. Mixing the literature-prepared tetrahedrite with
tennantite by ball-milling and then hot-pressing results in a shift in the tetrahedrite pattern
towards higher 2 as expected, indicating that zinc is incorporated into the crystal structure as a
solid solution (decrease in lattice parameters). Again, no crystalline impurities are revealed.
Relative to the solid-state tetrahedrite, the low-temperature thermoelectric properties of
materials produced by the literature method reveal a ca 20% increased thermopower at room
temperature, 97 µVK-1, as shown in Figure 4.3 a. This may be due to chloride acting as an
electron dopant, filling the valence band holes and pushing the Fermi level towards the band gap.
Mixing the natural mineral with the literature-prepared tetrahedrite sharply increases the
thermopower at room temperature, to 179 µVK-1, as zinc is incorporated. These increased
thermopower values come as a tradeoff for high resistivity as shown in Figure 4.3b. The
resistivity of the literature-prepared tetrahedrite at room temperature is 7.4 m∙cm, or 230%
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higher than that exhibited by solid state tetrahedrite (2.2 m∙cm). Upon mixing the literature
recipe tetrahedrite in a 1:1 molar ratio with natural mineral, we predicted that some metallic
behavior would be maintained with 0.9 mole equivalents of zinc because the resistivity of
tetrahedrite is not reported to rise sharply until after the zinc doping level is increased above the
optimum of 1 mole equivalent.2-3

However, the high resistivity of the literature recipe

tetrahedrite is further increased by mixing with the natural mineral, to 69 m∙cm. This indicates
that the Fermi level is raised above the valence band and into the band gap, resulting in a
semiconductor or insulator. Based on the significant quantities of chlorine detected in the EDS,
we attribute this dramatic increase in resistivity to chloride doping in the literature-prepared
sample.

Figure 4.3 The temperature-dependent Seebeck coefficient (a) and resistivity (b) values are displayed for the hot-pressed
samples. These include the solvothermal tetrahedrite prepared by literature methods (Lit. Prep.), the solvothermal tetrahedrite
mixed in a 1:1 molar ratio with the natural mineral tennantite, Cu10Zn1.8Fe0.2As2.7Sb1.3S13 (Lit. + NM), and the solid state
tetrahedrite (Solid State).

Thermal conductivity data for the solid state tetrahedrite, literature recipe tetrahedrite,
and the 1:1 molar mixture of literature recipe tetrahedrite with natural mineral are displayed in
Figure 4.4a. The thermal conductivity at room temperature of the literature recipe tetrahedrite is
decreased some 20% from that of the solid state tetrahedrite (1.3 W m-1 K-1) to 1.0 W m-1 K-1.
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The lower thermal conductivity tracks with higher resistivity, and is likely due to decreased
electronic contribution to thermal conductivity (κC). The thermal conductivity of the 1:1 mole to
mole ratio mixture of literature recipe tetrahedrite and tennantite exhibits an even lower thermal
conductivity at 0.5 W m-1 K-1, again correlating with increasing electronic resistivity.2-3

Figure 4.4 Temperature-dependent thermal conductivity (a) and Figure of Merit, ZT (b) values of the hot-pressed samples.
These include the solvothermal tetrahedrite prepared by literature methods (Lit. Prep.), the solvothermal tetrahedrite mixed in a
1:1 molar ratio with the natural mineral tennantite, Cu10Zn1.8Fe0.2As2.7Sb1.3S13 (Lit. + NM), and the solid state tetrahedrite (Solid
State).

The ZT values are calculated from the thermopower, resistivity, and thermal conductivity
values and are displayed in Figure 4.4b for each of the hot-pressed samples. The literature recipe
tetrahedrite exhibits a ZT value of 0.04 at room temperature, a ~45% decrease from the ZT value
of 0.07 calculated for the solid state tetrahedrite. The sample of literature recipe tetrahedrite
mixed in a 1:1 mole to mole ratio with tennantite exhibited an even lower ZT value of 0.03. In
spite of higher Seebeck coefficients and lower thermal conductivity values, both samples
containing literature tetrahedrite demonstrate lower ZT values than the solid state tetrahedrite.
These decreases must be driven by the increased resistivity values. Compositional impurities,
including the chloride doping, clearly increase the resistivity in the literature recipe tetrahedrite
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disproportionately relative to the small increase achieved in thermopower. Therefore, we sought
to avoid chloride precursors in optimizing the synthesis of tetrahedrite.
4.3.2. Synthesis and Characterization of Tetrahedrite: Optimizing the Solvothermal
Synthesis of Tetrahedrite. Since we viewed chloride as a counter ion that happens to dope the
product, we sought to replace chloride with counter ions that would neither act as dopants nor
precipitate an insoluble salt with any of the metals present. With this in mind, we decided to
avoid not only halogens, but also good Lewis bases such as acetate, oleate, or oleylamine that
might leave organic residues that might transform into amorphous carbon during hot-pressing.
Nitrate and sulfate were selected as counter ions because they are resonance stabilized conjugate
bases of strong acids that are carbon and halogen free, and they do not form insoluble salts with
Cu+, Cu2+, or Sb3+. Accordingly, the basic copper nitrate (Cu2(OH)3NO3) was chosen as the new
source of copper. Antimony nitrate is not commercially available; so, antimony(III) sulfate is
used instead.
The reducing solvent ethylenediamine is employed to favor reduction of the Cu2+ in the
copper source (Cu2(OH)3NO3) to Cu+, because 10/12 copper cations present in tetrahedrite are
monovalent. To produce a reducing environment, ethylenediamine (en) is reported to complex
with the cation Cu2+ as [Cu(en)3]2+.101 Although the copper cation is chelated in this complex,
the ligands are constantly exchanging with fresh ethylenediamine from the solvent (kex = 1.4 x
107 s-1 at 25 °C) by a dissociative-interchange mechanism, leaving Cu2+ accessible to
nucleophilic attack by the active sulfur source, hydrogen sulfide. The thiourea serves as the
source of sulfur by decomposing to form hydrogen sulfide and a water soluble side product,
cyanamide (HNCNH).102
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To synthesize tetrahedrite, basic copper nitrate (Cu2(OH)3NO3) is combined
stoichiometrically with antimony(III) sulfate and thiourea in ethylenediamine and heated in a
teflon-lined stainless steel bomb in a furnace at 155 °C for 20–24 hour. The product comprises
tetrahedrite, chalcostibite (CuSbS2), and antimony(III) oxide (Sb2O3) by XRD (Figure 4.5).
Early studies indicated that use of excess thiourea could reduce the formation of chalcostibite
and Sb2O3 (Figure 4.6), and that crystalline Sb2O3 can be removed by sulfuric acid washes in the
isolation (expanded view Figure 4.7). The final product (100% excess thiourea and sulfuric acid
washes) exhibits the tetrahedrite XRD pattern as the major crystalline product, although
chalcostibite remains as a significant impurity (Figure 4.9). Expanded views of XRD patterns
and corresponding metal compositions (determined by ICP-OES) for several repetitions of this
synthesis are available in supporting information (Figure 4.8). The samples are combined in
appropriate amounts to obtain a ratio of Sb : Cu of 3.98 : 12 (scaled to 12 copper) for a formula
of Cu12Sb3.98S13 (assuming Cu:S is 12:13).
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Figure 4.5 XRD pattern of the solvothermal tetrahedrite product synthesized with a stoichiometric ratio of reagents is displayed.
The reference patterns, PDF 05-0534, PDF 42–0561, and PDF 44-1417 are displayed for antimony(III) oxide (Sb 2O3),
tetrahedrite (Cu12Sb4S13), and chalcostibite (CuSbS2), respectively. The * marks the locations of prominent chalcostibite peaks,
and the # marks locations of prominent Sb2O3 peaks that do not overlap with peaks from tetrahedrite.
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Figure 4.6 XRD patterns of the solvothermal tetrahedrite product synthesized with 100% molar excess of thiourea before and
after treatment with sulfuric acid. The reference patterns, PDF 05-0534, PDF 42–0561, and PDF 44-1417 are displayed for
antimony(III) oxide (Sb2O3), tetrahedrite (Cu12Sb4S13), and chalcostibite (CuSbS2). The * marks locations of prominent CuSbS2
peaks that do not overlap with peaks from tetrahedrite.
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Figure 4.7 XRD patterns of the solvothermal tetrahedrite product synthesized with 100% molar excess of thiourea before and
after treatment with sulfuric acid. The reference patterns, PDF 05-0534, PDF 42–0561, and PDF 44-1417 are displayed for
antimony(III) oxide (Sb2O3), tetrahedrite (Cu12Sb4S13), and chalcostibite (CuSbS2). The # marks locations of prominent Sb 2O3
peaks that do not overlap with peaks from tetrahedrite.
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Figure 4.8 XRD spectra of several solvothermal tetrahedrite products synthesized with 100% molar excess thiourea. The pattern
PDF 44-1417 for chalcostibite (CuSbS2) is shown for reference. The arrows mark locations of prominent CuSbS 2 peaks that do
not overlap with peaks from tetrahedrite or famatinite.

The tetrahedrite peaks as well as the chalcostibite peaks are exhibited before and after
hot-pressing the material alone as shown in Figure 4.9.

However, the prevalence of the

chalcostibite peaks is greatly decreased by ball-milling the material with the natural mineral
before hot-pressing to form a solid solution, due to dilution.
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Figure 4.9 XRD patterns from solvothermal tetrahedrite synthesized with 100% molar excess thiourea (Tet.100) before and after
hot-pressing as well as after ball-milling with NM and hot-pressing. Reference patterns for tetrahedrite (Cu12Sb4S13), PDF 42–
0561, and chalcostibite (CuSbS2), PDF 44-1417, are displayed below the data plots and * marks observed peaks due to
chalcostibite.

Low-temperature measurements of thermoelectric properties for the chalcostibitecontaining samples (Tet.100 hp and Tet.100+NM hp) are displayed (Figure 4.10) and room
temperature data comparing materials produced from hot-pressing (with and without NM) solid
state, literature-prepared, and tetrahedrite synthesized with 100% molar excess thiourea are
tabulated in Supporting Information (Table 4.1). Relative to the literature-prepared material, the
resistivity of the Tet.100 hp sample is decreased by over 50%, but that is offset by a decrease in
thermopower (20%) and increase in thermal conductivity (20%) resulting in no change in ZT
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(~45% decreased from the solid state value). However, in contrast to the literature prepared
material, combining Tet.100 with the NM and hot-pressing increases the ZT. The final value is
twice that of the similarly processed literature prepared sample, but still only 30% of what is
achieved when the solid state material is combined with tennantite.

Figure 4.10 Thermoelectric properties determined from 80 K to 300 K are displayed for solid state tetrahedrite (Solid State),
solvothermal tetrahedrite synthesized with 100% molar excess thiourea (Tet.100), and the solvothermal tetrahedrite synthesized
with 100% molar excess thiourea and mixed with NM (Tet.100 + NM). Properties displayed include a) Resistivity, b)
Thermopower, c) Thermal Conductivity, and d) Figure of Merit.
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Table 4.1 Room temperature thermoelectric properties determined for solid state tetrahedrite (Solid State), the solid state
tetrahedrite mixed with NM (Solid State + NM), the solvothermal tetrahedrite synthesized with 100% molar excess thiourea
(Tet.100), the solvothermal tetrahedrite synthesized with 100% molar excess thiourea and mixed with NM (Tet.100 + NM), and
the solvothermal tetrahedrite prepared by literature methods alone (Lit. Prep.) and mixed in a 1:1 molar ratio with NM (Lit. +
NM) are displayed for comparison.

Since the chalcostibite containing tetrahedrite from the solvothermal synthesis performed
more poorly than solid state tetrahedrite, we endeavored to prevent the formation of the CuSbS2
impurity by further increasing the ratio of sulfur to metal in the reagent mixture. Utilizing a
300% excess of thiourea relative to copper results in a fluctuating composition from batch to
batch, as well as a famatinite (Cu3SbS4) phase impurity, but suppresses the formation of
chalcostibite, CuSbS2 (Figure 4.11).

The compositions and XRD patterns from several

repetitions of this synthesis are displayed in Figure 4.12.
products obtained via this synthesis are displayed in (Table 4.2).

More example compositions of
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Figure 4.11 Expanded views of the XRD patterns from several runs of the solvothermal synthesis with 300% molar excess
sulfur source are displayed along with their compositions as determined by ICP-OES. The pattern for chalcostibite (CuSbS2) is
shown for reference. The arrows mark locations of where the prominent CuSbS2 peaks that do not overlap with peaks from
tetrahedrite or famatinite would be expected to be.
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Figure 4.12 XRD patterns for the tetrahedrite product from several runs of the solvothermal synthesis using 300% molar excess
of sulfur precursor. Reference PDF patterns 42–0561 and 35–0581 are displayed for tetrahedrite (Cu12Sb4S13) and famatinite
(Cu3SbS4), respectively. The ICP-OES determined composition, normalized to S = 13, is displayed for each product. The *
marks observed peaks for famatinite.
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Table 4.2 Compositions of many tetrahedrite products from the solvothermal synthesis with 300% molar excess thiourea as
determined by ICP-OES. Mole equivalents of Sb and Cu are scaled to 13 mole equivalents of sulfur. The tetrahedrite products
are combined and the weighted average of Sb moles and Cu moles are listed below, along with the mass of the combined
samples.

The crystalline famatinite is the likely cause of the fluctuation in composition noticed in
this work. To address this fluctuation, the solvothermal products are mixed in appropriate
amounts before hot-pressing to achieve an Sb:S atomic ratio of about 4:13. These solvothermal
products tend to be copper poor due to the lower Cu:S ratio in the famatinite impurity. The
famatinite crystalline impurity remains after hot-pressing, but the peaks are far less prevalent if
the tetrahedrite is mixed with the NM and hot-pressed, again due to dilution (Figure 4.13).
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Figure 4.13 XRD patterns from the solvothermal tetrahedrite synthesized with 300% molar excess thiourea before (Tetrahedrite)
and after (Tet. hp) hot-pressing as well as the tetrahedrite ball-milled with NM and hot-pressed (Tet. + NM hp). Reference PDF
patterns 42–0561 and 35–0581 are displayed for tetrahedrite (Cu12Sb4S13) and famatinite (Cu3SbS4), respectively. The * marks
observed peaks for famatinite.

4.3.3. Thermoelectric Characterization of Tetrahedrite Prepared with 300% Molar
Excess Sulfur. Based on previous data from Tet.100 and Tet.100 + NM, and the fact that ZT is
maximized for tetrahedrite at high temperature, high temperature (310–730 K) thermoelectric
properties were determined for hot-pressed solvothermal tetrahedrite from the 300% molar
excess sulfur synthesis with and without mixing of NM. Thermopower values are displayed
Figure 4.14 a. The thermopower curve for the solvothermal tetrahedrite largely overlaps that of
the solid state tetrahedrite. They exhibit similar values at ~720 K of 130 and 140 µVK-1,
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respectively. Mixing either the solid state or solvothermal tetrahedrite with natural mineral
tennantite to achieve 0.9 mol equivalents of Zn results in a large increase in thermopower across
the temperature range. Mixing the solid state tetrahedrite with NM increases thermopower by
~40% to 198 µVK-1 at ~720 K. Upon combination with NM, the solvothermal tetrahedrite
behaves similarly, increasing thermopower by ~45% to 202 µVK-1.

Figure 4.14 Temperature-dependent Seebeck coefficient (a) and resistivity (b) values from room temperature to 720 K plotted as
a function of temperature for the solid state tetrahedrite (Solid State), the solvothermal tetrahedrite synthesized with 300% molar
excess thiourea (Tetrahedrite), the solvothermal tetrahedrite mixed with natural mineral (Tet. + NM), and the solid state
tetrahedrite mixed with NM (Solid State + NM). All samples were hot-pressed

Resistivity data are displayed in Figure 4.14 b. The solvothermal tetrahedrite exhibits a
similar resistivity curve to that recorded for the solid state tetrahedrite with a similar value near
room temperature and a ca 20% higher value at ~720 K (1.9 vs. 1.6 m∙cm). Mixing NM with
the solvothermal tetrahedrite results in a large (~540%) increase in resistivity at high
temperature, over double that observed for the solid state material. The rise in resistivity is upon
combining with NM is attributed to doping by Zn raising the Fermi Level towards the top of the
valence band, and thus giving a more semiconductor flavor to the metal.2-3 Thus, the excessive
increase in resistivity in the solvothermal materials may be due to less than optimal Zn doping
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quantities, as we have not compensated for the material’s 4% copper deficiency (Table 4.2).
Alternatively (or additionally), the famatinite impurities may be playing a role.
The thermal conductivity, tot, data for the samples are displayed in Figure 4.15 a. The
pure, solid state tetrahedrite exhibits the highest tot across the temperature range. Thermal
conductivity for the solvothermal tetrahedrite at the low end (324 K) is 1.2 W m -1 K-1, which is
close to that of solid state tetrahedrite, whereas at the high end of the range (~720 K), there is a
ca 30% decrease in thermal conductivity to 1.0 W m-1 K-1 from that observed for the solid state
tetrahedrite (1.4 W m-1 K-1). Mixing the NM with the solid state or solvothermal tetrahedrite
decreases the thermal conductivity significantly (~70%) in both samples at the low temperature
end (323 K), with a slight positive slope with increasing temperature.

Figure 4.15 Thermal conductivity (a) and ZT (b) values from room temperature to 720 K plotted as a function of temperature for
the solid state tetrahedrite (Solid State), the solvothermal tetrahedrite synthesized with 300% molar excess thiourea
(Tetrahedrite), the solvothermal tetrahedrite mixed with natural mineral (Tet. + NM), and the solid state tetrahedrite mixed with
NM (Solid State + NM).

The ZT values as a function of temperature are displayed for each sample in Figure 4.15
b. The solvothermal tetrahedrite performs similarly to the solid state tetrahedrite over the
temperature range studied. This is a large improvement compared to the literature prepared
sample or the Tet.100 sample (ZT = 0.04). Clearly, the higher resistivity and slightly lower
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thermopower of the solvothermal tetrahedrite compared to solid state tetrahedrite is effectively
compensated for by the decreased thermal conductivity, yielding similar ZT values in the two.
Mixing either solvothermal or solid state tetrahedrite with NM increased ZT values across the
temperature range. Near 720 K, the solid state tetrahedrite and NM mixture reaches unity, a 60%
increase over the ZT for the solid state tetrahedrite alone, whereas the solvothermal tetrahedrite
and NM mixture achieves ZT = 0.85 at ~720 K. We expect that the ZT of solovthermal
tetrahedrite can be optimized by changing the proportion of NM to optimize the doping and
neutralizing the effect of famatinite impurities and/or eliminating them entirely.

4.4. CONCLUSIONS
A chloride-free, solvothermal synthesis of tetrahedrite is developed as a means of quickly
and simultaneously producing multiple samples of tetrahedrite at relatively low temperatures
(150 °C). The new solvothermal synthesis provides about 0.25 g of tetrahedrite per vessel in a
single day and can easily be run in parallel with multiple vessels in an oven, in contrast to solidstate synthetic routes that require higher temperatures and processing that takes three days in a
furnace, multiple re-grindings, and at least two weeks of annealing. The use of 100% excess
sulfur in the solvothermal synthesis leads to chalcostibite impurities and an unacceptably high
resistivity, whereas 300% excess sulfur leads to famatinite impurities that also increase
resistivity relative to solid-state materials, but more modestly. Upon mixing the latter with the
zinc-rich natural mineral, tennantite, ZT values of 0.85 can be achieved at 720 K, within reach of
values obtained with the similarly doped solid-state material.
Current investigations are focused on optimizing the synthesis to further reduce
contributions from minor impurity phases and developing in-situ doping strategies for inclusion
of Zn2+ and Mn2+ in a single-pot strategy that obviates the need to mix with tennantite. We view
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the rapid production of “tunable” tetrahedrite as a milestone towards commercialization of
thermoelectric devices for widespread application.

89

CHAPTER 5 : TUNING THE THERMOELECTRIC PROPERTIES OF
SOLVOTHERMAL TETRAHEDRITE BY DOPING IN-SITU WITH ZINC
5.1. INTRODUCTION
In the present work, we modify our solvothermal synthesis of tetrahedrite to dope with
zinc in-situ. As described in Chapter 4, pure tetrahedrite (Cu12Sb4S13) has low a ZT because of
low thermopower and a moderate total thermal conductivity (tot ~1.3 W m-1K-1).2-3, 77, 81-82, 84-85,
99

However, the lattice thermal conductivity (L=0.4 Wm-1K-1 at 700 K)2-3 is low, and the

substantial remaining thermal conductivity is due to carrier contribution (C). The ZT can be
improved by doping with zinc to increase the thermopower and lower the thermal conductivity
by increasing the resistivity (decreasing the C).2-3 The Zn2+ substitutes for Cu2+ in Cu12xZnxSb4S13

to contribute one extra electron per ion, and raises the Fermi Level in the valence

band towards the top. This adjusts the electronic properties from metallic to semiconducting as
the mole contribution of zinc is increased from x = 0 to 2.77,
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Zinc-rich tennantite (Cu10.0

Zn1.8Fe0.2As2.7Sb1.3S13) is available as a natural mineral and served as a source of zinc for doping
solid state tetrahedrite by ball-milling in previous work.3 This method achieves a ZT value of
one with an optimal zinc mole contribution of x = 0.9. We exploited this approach to dope our
solvothermal tetrahedrite with zinc by ball-milling it with the natural mineral, as described in
Chapter 4, to achieve a ZT of 0.85 at x = 0.9.99 In addition to zinc doping with tennantite, the
solid state tetrahedrite can be doped with zinc in-situ, and ZT values of 1.0 and 0.8 have been
reported for x = 0.5 and 1.0, respectively.2 We attempted to dope our solvothermal synthesis insitu with zinc, with a target zinc mole contribution (x ~1) near the optimal doping of the ballmilled samples for comparison with our previous work.
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In order to study the properties of solvothermally-prepared Cu12-xZnxSb4S13, we prepared
a range of compositions (x = 0.79, 1.15, and 1.40). The optimal zinc doping reported for solid
state material is x = 0.9 when the natural mineral is used as the zinc source and 0.5 when
elemental zinc is used.2-3 The difference in optimum doping level stems from the addition of
available energy states (minority spin) near the top of the valence band from the magnetic
moment of Fe3+ impurities in tennantite.77 However, we wanted to compare our in-situ doped
solvothermal tetrahedrite with our mix of tennantite with solvothermal tetrahedrite.99 For the
maximum amount of zinc, it has been reported that the tetrahedrite becomes insulating at x = 2;
therefore, we would like to explore how much zinc can be incorporated to improve the ZT before
the material becomes insulating by testing tetrahedrite with close to one mole equivalent of
zinc.81
Samples are prepared with a target zinc composition by modification of the solvothermal
method discussed in Chapter 4. These are characterized for crystallinity and composition. The
composition fluctuates; therefore, we found it necessary to combine multiple samples to achieve
the desired composition as an average. Then, the product is hot-pressed to form a pellet and
characterized for thermoelectric properties. We compare the thermoelectric properties of these
samples with each other as well as the un-doped solvothermal tetrahedrite from our previous
work, before and after ball-milling in a 1:1 mole to mole ratio with natural mineral (tennantite).
We show that the electronic and thermal properties of tetrahedrite can be tuned by doping in-situ
with zinc during our solvothermal synthesis.

5.2.

EXPERIMENTAL:

TETRAHEDRITE

IN-SITU DOPING OF SOLVOTHERMAL
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The solvothermal tetrahedrite is doped with zinc in-situ (Cu12-xZnxSb4S13) by varying the
ratio of zinc and copper precursors. For Cu12-xZnxSb4S13 with x ~ 0.79, zinc nitrate hexahydrate
(0.297 mmol) is combined with 1.412 mmol of basic copper nitrate (Cu2(OH)3NO3), 0.4707
mmol of antimony sulfate, 12.88 mmol of thiourea, and 18.4 mL of ethylenediamine in a 23 mL
Teflon vessel to prepare the reaction mixture. For Cu12-xZnxSb4S13 with x ~ 1.15, zinc nitrate
hexahydrate (0.4461 mmol) is combined in a 23 mL Teflon vessel with 1.338 mmol of basic
copper nitrate (Cu2(OH)3NO3) and the other reagents as described above. For Cu12-xZnxSb4S13
with x ~ 1.40, zinc nitrate hexahydrate (1.19 mmol) is combined in a 23 mL Teflon vessel with
1.338 mmol of basic copper nitrate and the other reagents as described above.
The Teflon vessel is sealed and loaded into a stainless steel bomb and heated for 20–24
hours at 155 °C. The bomb is then allowed to cool naturally in the furnace with the door open
and the power off. The product mixture is then transferred to a centrifuge tube, and isolation is
carried out as described in Chapter 4 for the solvothermal tetrahedrite. This synthesis yields
approximately 0.25 g per vessel (64% of theoretical yield of 0.3922 g). Multiple syntheses were
carried out in parallel by heating up to four vessels at a time in one oven.

5.3. RESULTS AND DISCUSSION
5.3.1. Synthesis and Characterization of Zinc-Doped Tetrahedrite: Optimizing the
Solvothermal Procedure. For our strategy to incorporate zinc into the solvothermal synthesis,
we opted to avoid carbon containing ligands, like acetates, to avoid potential contamination with
amorphous carbon that can arise due to hot-pressing. Further, we decided to avoid zinc chloride
and other halogenide salts to prevent accidental doping of the product. This decision was based
on the high resistivity and chloride contamination observed with the use of copper and antimony
chloride precursors in our previous work, as described in Chapter 4. For our zinc source, zinc
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nitrate hexahydrate is chosen because (1) leftover reagent would be water-soluble, (2) nitrate
ions are already present in the synthesis from the basic copper nitrate reagent as a spectator ion,
and (3) the zinc is already divalent as in the desired product, Cu12-xZnxSb4S13.
We adapted our solvothermal synthesis from Chapter 4 to incorporate zinc.

The

previously described synthesis utilized a reaction mixture of a stoichiometric ratio of basic
copper nitrate (Cu2(OH)3NO3) to antimony(III) sulfate along with a 300% molar excess of
thiourea in ethylenediamine. The mixture was then placed in a 23 mL Teflon vessel that is
sealed in a stainless steel bomb, and multiple bombs are heated in parallel for 20–24 hour at
155°C in a box furnace as described in Chapter 4.
We targeted Cu12-xZnxSb4S13 with x ~1 by in-situ doping in order to compare the
performance of solvothermally prepared materials with the doped samples prepared by mixing
solid state tetrahedrite with natural mineral or by doping the solid state tetrahedrite in-situ with
zinc.2-3 To favor zinc incorporation, we adjusted the ratio of zinc to copper to result in a reaction
mixture with a stoichiometry of Cu10.9Zn1.1Sb4S13 (instead of x = 1) using 10.5 % as many zinc
as copper moles. The synthesis was repeated several times (yield ~ 0.25 g per vessel), heating up
to four vessels in parallel, to prepare several grams worth of tetrahedrite.

The structural

characteristics of each batch is investigated by XRD, and the composition is determined by ICPMS. Diffraction patterns and elemental compositions are displayed for several repetitions of this
synthesis (Figure 5.1).
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Figure 5.1 XRD pattern for the tetrahedrite product from several runs of the solvothermal synthesis. Reference patterns 42–
0561 and 35–0581 are displayed for tetrahedrite (Cu12Sb4S13) and famatinite (Cu3SbS4), respectively. The ICP-MS determined
composition, normalized to S = 13, is displayed for each product.

In the XRD diffraction patterns (Figure 5.1), the product exhibits the tetrahedrite peaks as
well as peaks from famatinite (Cu3SbS4) impurities giving rise to a composition that fluctuates
around x = 0.8 for zinc. Thus, less zinc is incorporated than what would be expected based on
the composition of the initial reaction mixture (Cu10.9Zn1.1Sb4S13). Averaging the products from
this synthesis resulted in the composition Cu11.16Zn0.79Sb3.99S13.
xZnxSb4S13

This is essentially Cu12-

with 0.79 mole equivalents of zinc. In spite of the presence of the smaller zinc ion,

there is no noticeable shift in the major peak of tetrahedrite in the diffraction pattern. The
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products tend to be slightly copper poor, likely due to lower Cu:S ratio in famatinite. This is
consistent with our observations on the native tetrahedrite as discussed in Chapter 4.
For the x = 1.15 sample, we wanted to prepare a stoichiometry with slightly more zinc
than x = 1. Due to the fact that an excess of zinc is required to achieve a given stoichiometry, we
adjust the ratio of copper to zinc to target a Cu10.3Zn1.7Sb4S13 stoichiometry by using a 16.7% as
many zinc moles as copper moles. Therefore, the reaction mixture contains an excess of zinc
compared to the desired stoichiometry of Cu10.85Zn1.15Sb4S13.
The powder X-ray diffraction patterns of several products are displayed in Figure 5.2
along with their compositions (determined from ICP-MS). The XRD pattern matches that of
tetrahedrite but contains additional peaks from famatinite (Cu3SbS4). Like the products from the
synthesis with x=0.79, these also exhibit a fluctuating composition from run to run, and less zinc
is incorporated (x~1.15) than what would be expected based on stoichiometry Cu 10.3Zn1.7Sb4S13.
Again, there is no obvious shift in the major peak of tetrahedrite in the diffraction pattern, and
the products are copper-poor.
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Figure 5.2 XRD pattern for the tetrahedrite product from several runs of the solvothermal synthesis. Reference patterns 42–0561
and 35–0581 are displayed for tetrahedrite (Cu12Sb4S13) and famatinite (Cu3SbS4), respectively. The ICP-MS determined
composition, normalized to S = 13, is displayed for each product.

For higher doping levels, we knew that a zinc mole contribution of x = 2 would lead to
insulating electrical properties, but we wanted to incorporate an intermediate amount of zinc to
explore the properties of Cu12-xZnxSb4S13 with x > 1. Therefore, the moles of zinc precursor are
further increased. We employ a very large excess of zinc, 44.4 % as many zinc as copper moles,
to target a composition of Cu8.3Zn3.7Sb4S13.
The powder X-ray diffraction patterns of the products from several repetitions of the
synthesis are displayed in Figure 5.3 along with their compositions. The product still exhibits
XRD peaks from both the tetrahedrite and famatinite (Cu3SbS4) diffraction patterns as well as
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fluctuating compositions from run to run. In repeated syntheses, the zinc content fluctuates
around x~1.4; therefore, we use these products later to prepare a material with an average
stoichiometry of Cu10.99Zn1.40Sb4.01S13. Substitution of Zn2+ for Cu2+ would be expected to shift
the tetrahedrite peaks towards lower 2-Theta, and a slight shift in the major peak of tetrahedrite
is observed in the diffraction pattern. The shift to lower 2-Theta is indicative of zinc being
incorporated into a solid solution with tetrahedrite. The product tends to be copper rich, as the
sum of the mole equivalents from copper and zinc is greater than twelve. This suggests that
some zinc could be either on the surface of the tetrahedrite as an amorphous phase or
incorporated by interstitial doping. This is different than our previous samples, where the
combined mole contribution from transition metals is generally decreased.
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Figure 5.3 XRD pattern for the tetrahedrite product from several runs of the solvothermal synthesis. Reference patterns 42–0561
and 35–0581 are displayed for tetrahedrite (Cu12Sb4S13) and famatinite (Cu3SbS4), respectively. The ICP-MS determined
composition, normalized to S = 13, is displayed for each product.

Syntheses for each target composition for solvothermal tetrahedrite result in fluctuating
compositions.

Therefore, samples are combined in appropriate amounts to obtain the

composition of x = 0.79, 1.15, or 1.40. For example, products from the synthesis used to prepare
the x = 0.79 composition are combined to obtain a ratio of Sb : S of 3.99 : 13 (scaled to 13
sulfur) for a formula of Cu11.16Zn0.79Sb3.99S13 (Table 5.1) prior to hot-pressing. Likewise, to
prepare the x = 1.15 and x = 1.40 samples, products from the x = 1.15 or x = 1.40 synthesis are
similarly combined in appropriate amounts to result in average compositions of
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Cu10.46Zn1.15Sb4.09S13 (Table 5.2) and Cu10.99Zn1.40Sb4.01S13 (Table 5.3 ), respectively prior to hotpressing.
Table 5.1 Compositions for many products from the solvothermal synthesis for production of the x = 0.79 zinc-doped tetrahedrite
are determined by ICP-MS. Mole equivalents of Sb and Cu are scaled assuming 13 mole equivalents of sulfur. The tetrahedrite
products are combined and the weighted average of Cu, Zn, and Sb moles are listed below along with the mass of the combined
samples.
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Table 5.2 Compositions for many products from the solvothermal synthesis for production of the x = 1.15 zinc-doped tetrahedrite
are determined by ICP-MS. Mole equivalents of Sb and Cu are scaled assuming 13 mole equivalents of sulfur. The tetrahedrite
products are combined and the weighted average of Sb moles and Cu moles are listed below along with the mass of the combined
samples.
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Table 5.3 Compositions for many products from the solvothermal synthesis for production of the x = 1.40 zinc-doped tetrahedrite
are determined by ICP-MS. Mole equivalents of Sb and Cu are scaled assuming 13 mole equivalents of sulfur. The tetrahedrite
products are combined and the weighted average of Sb moles and Cu moles are listed below along with the mass of the combined
samples.

Powder XRD patterns taken before and after hot-pressing are displayed below for
Cu11.16Zn0.79Sb3.99S13 (Figure 5.4), Cu10.46Zn1.15Sb4.09S13 (Figure 5.5), and Cu10.99Zn1.40Sb4.01S13
(Figure 5.6). In all cases, the pattern for each sample contains peaks from tetrahedrite and the
famatinite impurity. None of the three hot-pressed samples exhibit any obvious shift in the main
tetrahedrite peak from the PDF pattern after hot-pressing despite the observation of a shift to low
2

in

samples

used

to

prepare

Cu10.99Zn1.40Sb4.01S13.

Expanded

views

of

the

Cu10.99Zn1.40Sb4.01S13 before and after hot-pressing are displayed in Figure 5.7. Once the samples
for Cu10.99Zn1.40Sb4.01S13 are mixed, there is a very slight shift (0.19) in the main peak (29.96 =
2) to higher 2 (30.15). Hot-pressing increases the shift (0.23) to higher 2 (30.19).
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Figure 5.4 XRD patterns for zinc-doped solvothermal tetrahedrite with composition Cu10.16Zn0.79Sb3.99S13 (from mass averaging
the samples with compositions determined by ICP-MS and normalized to S=13) before and after hot-pressing. Reference
patterns 42–0561 and 35–0581 are displayed for tetrahedrite (Cu12Sb4S13), and famatinite, respectively. The ⋆ marks prominent
famatinite peaks.
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Figure 5.5 XRD patterns for zinc-doped solvothermal tetrahedrite with composition Cu10.46Zn1.15Sb4.09S13 (from mass averaging
the samples with compositions determined by ICP-MS and normalized to S=13) before and after hot-pressing. Reference
patterns 42–0561 and 35–0581 are displayed for tetrahedrite (Cu12Sb4S13), and famatinite, respectively. The ⋆ marks prominent
famatinite peaks.
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Figure 5.6 XRD patterns for zinc-doped solvothermal tetrahedrite with composition Cu10.99Zn1.40Sb4.01S13 (from mass averaging
the samples with compositions determined by ICP-MS and normalized to S=13) before and after hot-pressing. Reference
patterns 42–0561 and 35–0581 are displayed for tetrahedrite (Cu12Sb4S13), and famatinite, respectively. The ⋆ marks prominent
famatinite peaks.
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Figure 5.7 Expanded views are displayed for the XRD patterns for zinc-doped solvothermal tetrahedrite with composition
Cu10.99Zn1.40Sb4.01S13 (from mass averaging the samples with compositions determined by ICP-MS and normalized to S=13)
before and after hot-pressing. The reference pattern 42–0561 for tetrahedrite (Cu12Sb4S13) is overlaid on each pattern.

5.3.2. Thermoelectric Characterization of Tetrahedrite Prepared with Zinc-Doping.
Thermoelectric properties were determined from 300 to 720 K for the zinc-doped samples (Cu12xZnxSb4S13)

after hot-pressing. Data from the solvothermal synthesis of tetrahedrite, prepared

with 300% molar excess sulfur source in our previous work, alone and mixed in a 1:1 mole ratio
with tennantite are displayed for comparison along with data from the solid state tetrahedrite.
Thermopower values for the in-situ doped solvothermal samples from near room temperature to
720 K are displayed Figure 5.8 a. Our approach to dope in-situ by zinc increases the p-type
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thermopower of the solvothermal tetrahedrite (130 µVK-1) with increasing mole contribution of
zinc, demonstrating that the zinc is indeed functioning as a dopant. Thermopower increases with
increasing Zn-doping, but the thermopower at high temperature (ca.720 K) is increased by 38%
for x = 0.79, 48% for x = 1.15, and 72% for x = 1.40 to values of 179, 192, and 224 µVK-1,
respectively. Interestingly, the thermopower achieved for the x = 1.15 sample is lower over most
of the temperature range than that achieved for the 1:1 mole ratio mixture of either solvothermal
or solid state tetrahedrite with tennantite from our previous work (Chapter 4). The zinc mole
contribution in the tennantite mixed samples is lower at x = 0.9, which would lead one to expect
lower thermopower values. However, the solvothermal tetrahedrite mixed with NM and the
solid state tetrahedrite mixed with NM demonstrated higher thermopower values of 202 µVK-1
and 198 µVK-1, respectively. Thus, the zinc from in-situ doping is less effective in raising the
thermopower than zinc from the natural mineral. This may be due to the addition of molecular
orbitals at the top of the valence band from minority spin states due to iron impurities in the
natural mineral.77

Figure 5.8 Temperature-dependent Seebeck coefficient (a) and resistivity (b) values from room temperature to 720 K plotted as a
function of temperature for the solid state tetrahedrite (Solid State), the solvothermal tetrahedrite (Tetrahedrite), the solvothermal
tetrahedrite mixed with natural mineral (Tet. + NM), the solid state tetrahedrite mixed with NM (Solid State + NM), and the zinc
doped solvothermal tetrahedrite samples (compositions calculated from determinations by ICP-MS). All samples were hotpressed.
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Resistivity data are displayed in Figure 5.8 b. Doping in-situ by zinc greatly increases
the resistivity of the solvothermal tetrahedrite (1.9 m●cm) with increasing mole contribution of
zinc, as the Fermi Level rises towards the top of the valence band. The high temperature
resistivity (at ca.720 K) is increased by 142% for x = 0.79, 289% for x = 1.15, and 500% for x =
1.40 to values of 4.6, 7.4, and 11.4 m●cm, respectively. Thus, at x = 1.40 the Fermi Level has
risen enough for the tetrahedrite metal to behave like a semiconductor.2-3 These values are high
in comparison to solid state tetrahedrite doped in-situ with zinc (~2 m●cm for x = 0.5 and
nearly 4 m●cm for x = 1.0).2 The resistivity of the x = 1.15 sample is lower than that of the
solvothermal tetrahedrite mixed in a 1:1 mole ratio with NM (8.1 m●cm), demonstrating once
again that more zinc is required for in-situ doping to achieve the same effect as using tennantite
to dope. However, the solvothermal tetrahedrite doped in-situ to x = 1.15 demonstrates a higher
resistivity than the solid state sample doped by mixing with tennantite (5.3 m●cm).
The electrical properties of thermopower and resistivity determine the power factor, 2,
displayed in Figure 5.9. Doping with zinc decreases the power factor in spite of the higher
thermopower by increasing the resistivity. The power factor is decreased at high temperature (at
ca.720 K) from that of the solvothermal tetrahedrite (8.8 µWcm-1K-2) by 20% for x = 0.79, 43%
for x = 1.15, and 50% for x = 1.40 to values of 7.0, 5.0, and 4.4 µWcm-1K-2, respectively. The
power factors for x = 1.15 and x = 1.40 are quite close because the gain in thermopower for the x
= 1.40 sample is more than countered by the rise in resistivity.

Interestingly, the high

temperature power factor for the x = 0.79 sample is very close to that of the high performing 1:1
mixture of solid state tetrahedrite with tennantite (7.4 µWcm-1K-2). However, this is achieved
with a lower thermopower and slightly lower resistivity. For tetrahedrite, doping with zinc
lowers the power factor, but does so by increasing the resistivity. While both of these changes
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are detrimental to ZT, the higher resistivity translates to a lower electrical conductivity, leading
to a lower thermal conductivity.

Figure 5.9 Temperature-dependent Power Factor (2) values from room temperature to 720 K plotted as a function of
temperature for the solid state tetrahedrite (Solid State), the solvothermal tetrahedrite (Tetrahedrite), the solvothermal tetrahedrite
mixed with natural mineral (Tet. + NM), the solid state tetrahedrite mixed with NM (Solid State + NM), and the zinc doped
solvothermal tetrahedrite samples (compositions calculated from determinations by ICP-MS).

The thermal conductivity, tot, data for the samples are displayed in Figure 5.10. Due to
the insulating nature of the x = 1.40 sample, we did not determine its thermal conductivity. The
C is expected to make up a substantial portion of the thermal conductivity considering that the
L is only 0.4 W m-1 K-1 in pure tetrahedrite.2-3 Therefore, the thermal conductivity is expected
to decrease with increasing zinc content and resistivity. The tot decreases by 20% (to 0.8 W m-1
K-1) for the x = 0.79 and 1.15 samples at ~720 K. The similarity of these values is unexpected
considering the 61% increase in resistivity from the x = 0.79 sample to the 1.15 sample. These
values match the 0.8 W m-1 K-1 reported for solid state tetrahedrite doped in-situ with zinc at x =
1.0.2
Whether grown solvothermally or by solid state, the tot values of the comparatively zincdoped samples are much higher than the 0.53 or 0.43 W m-1 K-1 for a mix of natural mineral with
the solid state or solvothermal tetrahedrite (reported in Chapter 4). This difference is not
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explained by resistivity, as the resistivity of the x = 0.79 sample (4.6 m●cm) is only 13% lower
than that reported for the mix of solid state tetrahedrite with NM (5.3 m●cm). A similar
phenomenon appears in the x = 1.15 sample versus the previously reported mixture of
solvothermal tetrahedrite with NM. The x = 1.15 sample contains more zinc, and exhibits
slightly lower resistivity (7.4 m●cm) than that of the mix of solvothermal tetrahedrite with NM
(8.1 m●cm), but demonstrates nearly twice the thermal conductivity.

Figure 5.10 Temperature-dependent thermal conductivity values from room temperature to 720 K plotted as a function of
temperature for the solid state tetrahedrite (Solid State), the solvothermal tetrahedrite (Tetrahedrite), the solvothermal tetrahedrite
mixed with natural mineral (Tet. + NM), the solid state tetrahedrite mixed with NM (Solid State + NM), and the zinc doped
solvothermal tetrahedrite samples (compositions calculated from determinations by ICP-MS).

While about ~0.1 mol equivalents of Fe3+ would be substituted for copper in these mixed
materials, the similar resistivity values for the x = 0.79 sample and the mix of solid state
tetrahedrite with NM suggest that electronics are not responsible for the lower thermal
conductivity. Likewise, the similar resistivity values of the x = 1.15 sample and the mix of
solvothermal tetrahedrite with NM leads to the same conclusion. The largest difference in
composition between the NM (Cu10.0Zn1.8Fe0.2As2.7Sb1.3S13) and synthetic tetrahedrite
(Cu12Sb4S13) is the large amount of arsenic substituted for antimony. Rather than upset the
unique mechanism responsible for the low L of tetrahedrite, like substitution of antimony76 by
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tellurium, the arsenic may be lowering the thermal conductivity by acting as a mass impurity.
Arsenic only contains 62% as much mass as antimony, so the frequency of phonons from
vibrations in unit cells containing arsenic would be different, and may interfere with those
already present in tetrahedrite. Destructive interference of phonons would be expected to lower
thermal conductivity.34
We observed that zinc from in-situ doping is less effective at raising the thermopower for
our solvothermal tetrahedrite than zinc from the natural mineral. This is likely due to the
contributions to the Fermi Level and the band diagram by iron when tennantite is used as the
source of zinc.79 The iron plays the dual roles of adding electronic states at the top of the valence
band where the density of states is very low, and also contributing one more electron to the
Fermi Level than zinc. This would help zinc raise the Fermi Level towards the narrow peak at
the top of the valence band, increasing thermopower.
In contrast to the behavior of the thermopower, in-situ doping of the solvothermal
tetrahedrite results in higher resistivity values than solid state tetrahedrite doped by mixing with
tennantite. However, the in-situ doping of solvothermal tetrahedrite leads to lower resistivity
than doping solvothermal tetrahedrite by mixing it with tennantite. The common denominator
here is that doping solvothermal tetrahedrite in-situ results in higher resistivity than solid state
materials doped to similar levels (even with tennantite) and doping solvothermal tetrahedrite
with tennantite increases the resistivity even further.

Therefore, the use of solvothermal

tetrahedrite in place of solid state leads to increased resistivity. This suggests that the crystalline
famatinite impurities in the solvothermal tetrahedrite play a role, as they are absent in the solid
state material.
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The temperature dependent ZT values are plotted for each sample in Figure 5.11. The
incorporation of too much zinc in the x = 1.15 sample decreases the ZT (0.45) at high
temperature (720 K) by 29% from that of the solvothermal tetrahedrite (ZT = 0.63) due to greatly
increased resistivity and a decreased power factor combined with a relatively moderate decrease
in thermal conductivity. The x = 0.79 sample possesses nearly the same zinc composition (x =
0.9)3 as the best performing mixture of zinc-rich natural mineral and solid state tetrahedrite, yet
the ZT is virtually unchanged at 0.62 from that of the solvothermal tetrahedrite (0.63). Thus, the
moderately decreased thermal conductivity is only sufficient to compensate for the increased
resistivity and lower power factor without increasing ZT.

This performance is low in

comparison to solid state tetrahedrite doped in-situ with zinc. For the solid state material, x = 0.5
results in a ZT of 1, due mostly to lower resistivity than that demonstrated by either of the
solvothermal tetrahedrites with in-situ doping.2

For the in-situ, zinc-doped solid state

tetrahedrite with x = 1, a relatively large ZT of 0.8 was reported due to slightly lower thermal
conductivity and resistivity values than that determined for our x = 0.79 sample.

Figure 5.11 Temperature-dependent thermoelectric figure of merit, ZT, values from room temperature to 720 K plotted as a
function of temperature for the solid state tetrahedrite (Solid State), the solvothermal tetrahedrite (Tetrahedrite), the solvothermal
tetrahedrite mixed with natural mineral (Tet. + NM), the solid state tetrahedrite mixed with NM (Solid State + NM), and the zinc
doped solvothermal tetrahedrite samples (compositions calculated from determinations by ICP-MS).
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5.4. CONCLUSIONS
We adapted our solvothermal synthesis of tetrahedrite for in-situ Zn-doping to prepare a
range of Cu12-xZnxSb4S13 with x=0.79–1.4. These doped tetrahedrites are characterized for
phase, composition, and thermoelectric properties for comparison to solid state and solvothermal
tetrahedrite doped with zinc by mixing with the natural mineral tennantite. The in-situ doped
solvothermal tetrahedrites contain famatinite crystalline impurities and exhibit fluctuating
compositions from batch to batch similarly to those discussed in our previous work (Chapter 4).
The in-situ zinc doping modulates the electrical properties, increasing the resistivity and
thermopower with increased zinc content as predicted. However, the incorporated zinc is less
effective at increasing the thermopower than zinc incorporated through ball-milling with the
natural mineral. The reason that use of tennantite as a zinc source more effectively increases the
thermopower may be the addition of electrons to the Fermi Level by Fe-doping in tennantite.
Thermal conductivity is decreased for our in-situ doped solvothermal tetrahedrite (x=0.79
and 1.15) to the same level as that reported for solid state tetrahedrite doped with zinc in-situ to x
= 1. We note that neither method of zinc doping is as effective at decreasing the thermal
conductivity as doping by mixing with tennantite, and that differences in resistivity do not
account for this. We suggest that the As3+ substituting for Sb3+ lowers the thermal conductivity
by acting as a mass impurity to scatter phonons.
Although we demonstrate that in-situ Zn-doping of solvothermal tetrahedrite adjusts the
thermoelectric properties, we do not see an increase in ZT. This is due to disproportionate
increases in resistivity. In-situ doping with zinc for x = 0.79 leads to our best performing doped
solvothermal tetrahedrite, but the ZT is limited to that of pure solid state tetrahedrite. For this
sample, we note a similar power factor to that of the best performing mixture of solid state
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tetrahedrite and tennantite. However, our sample does not exhibit the low thermal conductivity
of the mixture of tennantite with solid state tetrahedrite, despite a higher resistivity. We attribute
this to the unique decreases in thermal conductivity that occur when using tennantite as the zinc
source due to As3+ substituting for Sb3+.
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CHAPTER 6 : CONCLUSIONS AND PROSPECTUS
6.1. CONCLUSIONS
Thermoelectric materials hold promise as a green technology for energy generation,
capable of converting waste heat without moving parts from a variety of sources from
manufacturing plants, to vehicles’ exhaust systems, to space station generators.1,

19, 31-33

In

addition to power generation, thermoelectric materials are applicable for portable cooling
through the Peltier effect.37,

39

Thermoelectric properties are quantified with a ZT value

according to the equation ZT =T2tot. The ZT consists of the Seebeck coefficient (a.k.a.
thermopower),  = –ΔV/ΔT, the electrical conductivity, , and the total thermal conductivity,
tot. The tot is the sum of the lattice (L) and electronic carrier (C) contributions to thermal
conductivity. Traditional thermoelectric materials rely on the toxic and expensive element
tellurium.19,

31-33, 22, 24-25, 27-29

Materials containing heavy elements like tellurium have

historically been used to favor low thermal conductivity by increasing the mean atomic mass (A)
due to the proportionality of lattice thermal conductivity (L) to
high figure of merit due to the proportionality of ZT to

1
κtot

1
.21
7
𝛢 ⁄6

This approach targets

. Despite the incorporation of toxic

heavy elements and complex syntheses2-9 to lower thermal conductivity, including
nanostructuring strategies like superlattices,35-36,

37-39

ball-milling and hot-pressing previously

prepared materials,43-45 and precipitation of endotaxially embedded nanocrystals from a melt of
the elements,10, 49-52 the highest ZT values for state-of-the-art materials range from 1.1 for mixed
nanocrystals of Bi2Te3 and Sb2Te3, 1.4 for ball-milled BiSbTe alloy, 2.2 for PbTe with SrTe
inclusions to 2.6 for the newly explored SnSe (single crystals).15,

44, 103-104

To put this into

perspective, most state-of-the-art thermoelectric materials have a ZT ~0.8–1.0, and materials
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with a ZT of 0.8 are capable of converting heat to electricity at ~6% efficiency.19 The increase in
ZT for PbTe at high temperatures (915 K) to 2.2 is estimated to increase this efficiency to 16–
20%.103 A ZT of 4 would be required in order to compete with the efficiency of alternative
energy sources like geothermal or solar power; meanwhile, a ZT of 20 is required to compete
with coal.1
After many decades of research, the field of thermoelectric materials is shifting toward
less toxic, more plentiful elements and cheaper processes to make thermoelectric technology
more accessible, even at lower performances. Copper sulfides and selenides like CuInSe2,
CuInS2, and CuAgSe2 show promise as alternative thermoelectrics, but so far exhibit maximum
ZT values up to 0.55 at 700 K.70-72 The tetrahedrite mineral, Cu12Sb4S13, has shown particular
promise as a new thermoelectric material, achieving low lattice thermal conductivity
(L=0.4Wm-1K-1 at 700 K) while consisting of Earth abundant elements.2-3 This low lattice
thermal conductivity occurs due to a changing vibration frequency with cell volume caused by a
dynamic interaction between the partially inert lone pair on Sb3+ and a trigonal planar Cu+.74-76
This leads to destructive interference of phonons to reduce the thermal conductivity, for a
maximum ZT of 0.6 at 720 K. The ZT can be improved by doping in-situ with a variety of
transition metals as Cu1−xMxSb4S13. For example, the Keszler group demonstrated that Mn2+ can
be substituted for copper to result in ZT values of 1.13 or 0.8 at 575 K for x = 1 or 2,
respectively.81 In addition, doping with Co2+ (x = 2) increased ZT to 0.5 at 575 K. The ZT can
also be increased by doping with Fe3+ for a maximum of 0.8 at x = 0.5.2 Doping in-situ with
Zn2+ leads to ZT values of 1 and 0.8 for x =0.5 and x = 1, respectively.2 In addition to doping
in-situ with zinc, zinc-rich tennantite (Cu10.0 Zn1.8Fe0.2As2.7Sb1.3S13) can be ball-milled with
tetrahedrite to a doping level of x = 0.9 to achieve a maximum ZT~1 (700 K).3 The problem
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with use of tetrahedrite as a cost effective thermoelectric material is the high temperature,
complicated, and time consuming synthesis that requires several days in a tube furnace (923 K)
followed by two weeks of annealing (723 K) and multiple stages of ball-milling.2-3
This dissertation research sought to improve applicability of thermoelectric materials
with a two prong approach: (1) Develop and employ a multi-gram synthesis of dispersible PbTe
NCs to efficiently nanostructure PbTe from the bottom up and lower lattice thermal conductivity
for improved ZT.

Nanostructuring is pursued with the PbTe NCs themselves as well as

incorporation of dispersible PbS NCs (pre-grown). Ligand stripping methods are adapted from
nanocrystal-based thin-films with the goal of increasing electrical conductivity in our bottom-up
nanostructured PbTe. (2) Develop a rapid, scalable, moderate temperature alternative to the solid
state route of producing tetrahedrite with state of the art performance.

To this end, we

completely redesigned a solvothermal synthesis100 of tetrahedrite with different metal precursors
and solvent to avoid detrimental chloride doping.

We further optimize the synthesis by

adjustment of precursor ratios to modulate an impurity phase. Zinc doping, both by mixing with
the natural mineral tennantite and in-situ, is explored to maximize ZT via increased thermopower
and decreased carrier contribution to thermal conductivity (C).
In Chapter 3, we hypothesized that nanostructuring PbTe with pre-grown NCs would
result in low lattice thermal conductivity (L), and that L would be further lowered by
incorporation of nanocrystalline PbS. We further hypothesized that the electrical conductivity of
our nanostructured PbTe would be increased by removal of the insulating ligands (from hotinjection synthesis) via ligand stripping.5, 53, 55, 67-68 To increase the practicality of such bottomup nanostructured devices, we developed a gram-scale synthesis of dispersible PbTe NCs (25-50
nm) with a Scherrer size of 30 nm. The phase and Scherrer size were determined using powder
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XRD, the composition was determined by EDS, and the size and morphology were observed
using TEM.
To test the effect of nanostructuring on L, our PbTe NCs were treated with methanol to
remove excess ligand, annealed to remove solvent, and hot-pressed into pellets for thermoelectric
characterization. We found that the crystallite size in the hot-pressed sample had increased to 60
nm. The thermal conductivity at room temperature was approximately equal to the L due to low
electrical conductivity, and, in spite of the limited crystallite growth, these values were
significantly decreased to 1.4 W m-1 K-1 (300 K) from that of bulk PbTe (L = 2.0 W∙m-1K-1)10
but are high relative to the L of 0.75 W∙m-1K-1 reported previously for hot-pressed pellets of
PbTe NCs (200 nm).13 Our nanostructured PbTe is n-type with a thermopower of –210 µV∙K-1,
on par with a nanostructured pellet of PbTe,13 but greatly increased from the optimally doped ntype solid state PbTe (–100 µV∙K-1).10, 24 The electrical conductivity (3.2 S∙cm-1) was at the low
end for bulk PbTe because of the nanocrystalline nature and the lack of doping for optimal
electronic properties12 which can yield electrical conductivities up to ~2000 S cm-1.10 Electrical
conductivity values on the order of 1 S∙cm-1 are consistent with those reported for films of
hydrazine treated PbTe NCs5, 55 or nanowires,53 but notably lower than the ~210 S∙cm-1 reported
for a pellet of PbTe NCs from a ligand free synthesis.13 Low electrical conductivity leads to low
ZT (0.003) in our nanostructured PbTe compared to bulk (ZT = 0.4 at 300 K).25
Although we had expected incorporation of PbS NCs to further lower the thermal
conductivity, mixing PbTe and PbS NCs by incipient wetness before hot-pressing did not lead to
a significant decrease in L (1.3 W m-1 K-1). This is likely due to sintering of the PbS NCs to
large sizes (40 nm Scherrer size), and a similar growth of PbTe crystallite size to that observed
for our methanol washed PbTe NCs. The incorporation of PbS NCs seems to dope, decreasing
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the magnitude of the thermopower (–160 µV∙K-1) while increasing the electrical conductivity (42
S cm-1 at 300 K) toward more optimal values. This increase in electrical conductivity (and
smaller n-type thermopower) with incorporation of PbS is consistent with previous work.10
Despite the improved electrical conductivity versus our PbTe sample, the value is still quite low,
leading to a low ZT (0.03 at 300 K).

This illustrates the problem with nanostructuring

thermoelectrics from the bottom-up in that electrical conductivities tend to be low when starting
with ligand-capped NCs.
We hypothesized that ligand stripping would increase the electrical conductivity of our
bottom-up nanostructured PbTe; however, this was not the case due to complications arising
from uncontrolled doping and in-situ growth of PbS when ammonium sulfide is employed as the
ligand stripping agent. The in-situ growth of PbS after ligand stripping PbTe with ammonium
sulfide was unexpected. Sulfide-stripping or sulfide-stripping followed by iodide-stripping lead
to PbS crystallite sizes of 60 nm or 70 nm, respectively. The 60 nm PbS lead to a very modest
decrease in L to 1.2 W m-1 K-1 compared to the 1.4 W m-1 K-1 determined for the methanol
washed PbTe NCs, whereas the 70 nm PbS in the consecutively sulfide and iodide-stripped
sample resulted in higher L (1.7 W m-1 K-1) which coincided with a large PbTe crystallite size.
Therefore, this in-situ growth of PbS does not lower the L values due to the large size of the
PbS crystallites formed. The doping is apparent from the large increases in n-type thermopower
for the iodide-stripped sample (–540 µV∙K-1 at 300 K) and p-type thermopower for the sulfidestripped sample (520 µV∙K-1). This indicates that iodide-stripping results in doping with excited
electrons, while the sulfide-stripping dopes with holes. This uncontrolled doping lead to high
thermopower values but further lowered the electrical conductivity, resulting in low ZT values.
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Thus, this type of ligand stripping to passivate the surface Pb2+ with an anion is not suitable for
treatment of thermoelectric materials.
In Chapter 4, we developed a fast and scalable synthesis for a thermoelectric material
consisting of Earth abundant elements, tetrahedrite (Cu12Sb4S13). The purpose in researching
tetrahedrite is to improve the accessibility of a cost effective thermoelectric material by
developing a synthesis suited for industrial production. We began with a solvothermal synthesis
from the literature for which the thermoelectric properties of the product had not been reported.
The benefits of the solvothermal method are moderate temperatures, decreased synthesis time,
and scalability in comparison to solid state methods. Our strategy to improve the thermoelectric
properties was to dope with zinc by ball-milling the solvothermal tetrahedrite with the zinc-rich
natural mineral tennantite (Cu10.0 Zn1.8Fe0.2As2.7Sb1.3S13) in a 1:1 molar ratio because this has
been reported to achieve comparable ZT (~1) to optimally doped lead telluride.3, 24 Before hotpressing, the product from the literature solvothermal synthesis exhibited a complex powder
XRD pattern due to multiple possible phase impurities.

The material is sulfur-poor

(Cu15.8Sb7.8S13) but contains micron-sized features with compositions of Cu13.2Sb4.6S13Cl0.8 and
Cu2.0S0.8. This suggests that one of the phase impurities could be a variation of Copper (I)
sulfide and that the product is contaminated by chlorine in some form. This could be leftover
reagent or doping. This material was hot-pressed alone and after mixing in a 1:1 molar ratio with
the natural mineral to dope with zinc. Thermoelectric characterization near room temperature
determined the ZT of the literature tetrahedrite to be low due to high resistivity. The sample of
ball-milled literature tetrahedrite with the natural mineral exhibited even lower ZT due to very
high resistivity. We suspected that the chloride may serve as an uncontrolled n-type dopant to
raise the Fermi Level and fill the valence band. This would result in a semiconductor with high
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resistivity. These results necessitated the design of a new solvothermal synthesis to avoid
chloride contamination and improve stoichiometry.
We reasoned that chloride contamination could be completely avoided by using
halogenide-free precursors. Based on our work with lead telluride, we endeavored to also avoid
metal salts containing carbon-based counter-ions that could act as ligands and form amorphous
carbon upon hot-pressing. We chose nitrate and sulfate as acceptable counter-ions because they
are inorganic and do not form insoluble salts with antimony or copper cations. This lead us to
antimony(III) sulfate and copper(II) nitrate hemi(pentahydrate). We desired a stoichiometric
copper nitrate precursor; so, we changed this to the basic copper nitrate (Cu2(OH)3NO3). These
precursors were employed under the same conditions as the literature synthesis, but did not yield
the tetrahedrite phase. Since the copper in tetrahedrite is primarily Cu+ we hypothesized that
replacement of the Cu+ precursor in the literature synthesis with a Cu2+ precursor like basic
copper nitrate might prevent the phase from forming. Therefore, the ethanol solvent in the
literature synthesis was replaced with a reducing solvent, ethylendiamine.
These conditions lead to formation of the tetrahedrite phase and the impurity phase
chalcostibite. We first employed 100 % excess thiourea, and then 300 % excess thiourea (based
on the copper precursor) and found that the 300 % excess thiourea resulted in a different
impurity phase, famatinite. To provide enough material for thermoelectric testing, we repeated
the 100 % excess thiourea synthesis many times, heating our four solvothermal vessels in
parallel for fast production. We found that the composition fluctuated. Therefore, we fine-tuned
the overall composition by combining products from multiple repetitions of the synthesis for a
mass average. This material was hot-pressed alone and after ball-milling with the natural
mineral in a 1:1 molar ratio, and the resulting pellets were characterized near room temperature
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for thermoelectric properties. We found that the ZT of the solvothermal tetrahedrite alone was
low, but that ball-milling it with the natural mineral increased the ZT to near that of the solid
state tetrahedrite.
These promising results encouraged us to produce enough of the next test sample for high
temperature thermoelectric characterization, and we desired to see if there was any advantage to
replacing the chalcostibite impurity with famatinite. Therefore, we repeated the 300 % excess
thiourea synthesis numerous times, again heating multiple vessels in parallel to produce enough
solvothermal tetrahedrite for thermoelectric testing at high temperature. Similarly to above, the
composition fluctuated from product to product; therefore, multiple products were combined to
result in a mass averaged composition consistent with tetrahedrite. This material is hot-pressed
alone and after mixing in a 1:1 molar ratio with the natural mineral.

The solvothermal

tetrahedrite by itself demonstrated essentially the same ZT curve as that of solid state tetrahedrite
over the temperature range measured, resulting in a ZT of 0.63 (720 K). Therefore, our approach
of using the solvothermal method to quickly produce tetrahedrite with comparable ZT to that of
solid state tetrahedrite was successful. We found that, like the solid state tetrahedrite, this
solvothermal version could also be improved by mixing with the natural mineral, which
increased the ZT to 0.85 (720 K).
Zinc doping of tetrahedrite is further explored in Chapter 5. We hypothesized that the
solvothermal synthesis discussed in Chapter 4 could allow in-situ doping with zinc to tune the
thermoelectric properties. We chose zinc nitrate hydrate as a source of Zn2+ for doping because
it avoids halogenides that could lead to unintentional doping (as discussed in Chapter 4), lacks
carbon-based ligands that can lead to amorphous carbon during hot-pressing, and leftover zinc
precursor would be water soluble for easy removal.
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Our goal was to produce Zn-doped tetrahedrite with x~1 for comparison to the mix of
tetrahedrite with tennantite (x = 0.9) discussed in Chapter 4 for solvothermal tetrahedrite and
reported by Morelli et al. for solid state tetrahedrite.3 To favor incorporation of zinc we adjusted
the ratio of copper and zinc precursors to target a stoichiometry of Cu10.9Zn1.1Sb4S13. The
synthesis was repeated many times (yield ~ 0.25 g per synthesis) heating four vessels in parallel
to produce enough material for high temperature thermoelectric testing.

The product was

determined to be zinc-doped tetrahedrite with a famatinite impurity.

The compositions

fluctuated from run to run, but less zinc is incorporated than the Cu10.9Zn1.1Sb4S13 target.
Products from multiple repetitions of the same synthesis were combined to achieve sufficient
quantities for thermoelectric characterization at high temperature, resulting in an overall
composition of Cu11.16Zn0.79Sb3.99S13 by mass averaging. This is referred to as the x = 0.79
sample. To achieve higher Zn-doping levels, we adjusted the ratio of copper to zinc to target
stoichiometries of Cu9Zn3Sb4S13 and Cu6.36Zn5.64Sb4S13. These syntheses were each repeated
multiple times and products from the same synthesis were combined similarly to above to obtain
mass-averaged compositions of Cu10.46Zn1.15Sb4.09S13 (x = 1.15) and Cu10.99Zn1.40Sb4.01S13 (x =
1.40). Thus, we prepared a series of samples for thermoelectric testing with a range of doping
levels in the vicinity of x = 1 for comparison to the mix of tetrahedrite with tennantite (x = 0.9).3
The incorporated zinc serves as a dopant to modulate the thermoelectric properties as we
hypothesized. The thermopower of the solvothermal tetrahedrite (130 µVK-1) is increased at
high temperature (720 K) with increasing zinc for doping levels of x = 0.79 (179 µVK-1), x =
1.15 (192 µVK-1), and x = 1.40 (224 µVK-1). The increased thermopower is accompanied by an
increase in resistivity at high temperature (720 K) from that of solvothermal tetrahedrite (1.9
m●cm) to 4.6 m●cm, 7.4 m●cm, and 11.4 m●cm for x = 0.79, 1.15, and 1.40,
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respectively. The increasing thermopower and resistivity with zinc content is consistent with
doping behavior as the zinc contributes extra electrons to raise the Fermi Level towards the top
of the valence band. However, doping in-situ with zinc does not increase the thermopower or
resistivity as effectively as Zn-doping via ball-milling with tennantite. We attribute this to the
fact that Fe3+ in the tennantite also adds extra electrons to raise the Fermi Level.
The thermal conductivity for the in-situ doped solvothermal tetrahedrite decreases at high
temperature (720 K) with increased zinc content from that of solvothermal tetrahedrite (1.0 W m1

K-1) to 0.8 W m-1 K-1 for x = 0.79 or x = 1.15 (data not acquired for x = 1.40 due to high

resistivity). However, we found that zinc doping with tennantite more effectively decreases the
thermal conductivity than in-situ doping of either the solid state or solvothermal tetrahedrites,
and we suggest that the added decrease in thermal conductivity from mixing with tennantite may
be due to the incorporated As3+ acting as a mass impurity to scatter phonons. The ZT of the x =
0.79 sample (0.62) is approximately the same as the solvothermal tetrahedrite (0.63). The
mixture of solid state tetrahedrite ball-milled in a 1:1 molar ratio with tennantite achieves a much
higher ZT (unity) due to the lower thermal conductivity (0.5 W m-1 K-1). The higher level of insitu Zn-doping of x = 1.15 exhibits a lower ZT due to higher resistivity. Therefore, in spite of
the ability to dope with zinc in-situ to adjust the thermoelectric properties, the ZT is not
increased in these samples.

6.2. PROSPECTUS
Our investigation of bottom-up PbTe nanocomposites underscores the problem of low
electrical conductivity (high resistivity) when starting with ligand-capped NCs. The ligands
themselves, as well as the amorphous carbon they can form during hot-pressing, decrease the
electrical conductivity.5,

53, 55, 67

Ligand stripping of thin films of ligand-capped NCs with
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hydrazine can improve very low electrical conductivities by orders of magnitude to values (at
300 K) such as 0.4 S∙cm-1 for iodine-doped PbTe NCs,5 ~5 S∙cm-1 for PbTe nanowires,53 or 4.8
S∙cm-1 for a composite film of hydrazine treated PbTe and Ag2Te NCs.55 In addition, similarly
low electrical conductivities are reported for an ethanol treated thin film of PbTe nanowires (1.3
S∙cm-1)54 and a pellet of phosphonic acid stripped PbTe NCs (1.3 S∙cm-1).6 The ZT values of the
thin films are not reported, but the room temperature ZT of the pellet of phosphonic acid stripped
PbTe NCs is quite low at 0.02 in comparison to bulk lead telluride at room temperature (ZT =
0.4).24-25 These electrical conductivities are orders of magnitude lower compared to bulk lead
telluride (300 S∙cm-1)12 that can be optimally doped for much higher values (~2000 S∙cm-1).10
Thus, in comparison to other methods of nanostructuring PbTe, use of ligand-capped NCs
is handicapped by low electrical conductivity. Higher ZT values are demonstrated for PbTe by
starting with ligand-free NCs by attaining higher electrical conductivity while still lowering L.
For example, hot-pressing relatively large (200–400 nm) PbTe NCs from solution phase
synthesis without ligands decreases tot to 0.75 W m-1 K-1 while maintaining an electrical
conductivity of ~210 S∙cm-1 for a ZT of 0.8 at 580 K.13 Alternatively, a variation of LAST
(Ag0.8Pb18+xSbTe20) synthesized by mechanical alloying decreased L to 30% of that of PbTe due
to micron sized crystallites containing 20 nm diameter precipitates inside for a ZT of 1.5 (673
K).46
Precipitation from a melt for endotaxial growth of nanocrystalline features leads to the
highest ZT values in PbTe via lowering L while retaining high electrical conductivity and
further optimizing electrical properties through controlled doping. For example, LAST-m with
nanocrystalline AgSbTe2 in PbTe achieves ZT~1.7 at 700 K (L ~0.4 W m-1 K-1)49-50 and SALTm with nanocrystalline NaSbTe2 in PbTe achieves ZT = 1.6 at 675 K (L = 0.5 W m-1 K-1).51
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Recent nanostructuring of PbTe by precipitation of SrTe nanocrystal inclusions leads to the
highest ZT for PbTe of 2.2 (915 K) via maintaining reasonable electrical conductivity (~230
S∙cm-1) and very low L (~0.4 W m-1 K-1) through incorporation of both nanocrystalline
impurities and mesoscale grain boundaries.103 The mesoscale grain boundaries are incorporated
by mechanically processing the ingot into powder (<10 micron grains) followed by densification
into a pellet by spark plasma sintering. Thus, nanostructuring via endotaxial growth of NCs in
PbTe is the most effective route to high ZT in PbTe, and can be improved by processing the
material into a powder followed by densification by SPS. However, the maximum ZT achieved
for the PbTe system after decades of research is still well short of the target ZT of 4 for
competition with alternative energy sources like geothermal technology or solar materials.
Widespread application of thermoelectric materials in the near future is not likely to be
from very high ZT (> 4) materials, but rather, materials consisting of abundant elements that can
be efficiently produced industrially. The harbinger of this shift is the Si/Ge alloy (Si 0.8Ge0.2).
Consisting of light elements and silicon-based, this nontraditional thermoelectric exhibits a
maximum ZT of 0.6 (1000 K) with a very high L (~5 W m-1 K-1).37-39 This is increased further
to 0.72 at high temperature (1000 K) via ball-milling to greatly decrease the L.45 Growing a
superlattice of SiGeC/Si on silicon wafer by molecular beam epitaxy can reduce the thermal
conductivity down to (~3 W m-1 K-1 at 300 K).37-39 The decrease in L is due to lattice strain
from the lattice mismatch of the layers of Si0.89Ge0.10Si0.01 and Si.40 This material is now being
used for its Peltier Effect and applied in miniature cooling systems currently available for the
public to order online.
With a focus on using Earth abundant elements to prepare thermoelectric materials for
energy generation in a manner that can be adapted for industry, we developed a new
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solvothermal synthesis for tetrahedrite. The advantageous qualities of tetrahedrite have led to
several licensed patents as a thermoelectric,87-88 and commercial manufacturing was recently
begun by Alphabet Energy, Incorporated using solid state and ball-milling methods.
The new process reported in this dissertation could be viewed as an improvement on the
literature solvothermal synthesis of tetrahedrite, for which thermoelectric properties had not been
reported, but we have prepared and characterized this previously reported material and found the
thermoelectric properties to be poor. Therefore, we replaced the metal precursors to improve the
thermoelectric properties by avoiding chloride contamination, and this necessitated replacement
of the solvent in order to obtain the tetrahedrite product.
The new synthesis that we designed serves as a rapid and scalable alternative to the state
of the art solid state route of producing tetrahedrite, producing material that, while impure, still
exhibits the same Figure of Merit (ZT) at operating temperatures (600-720 K). As an alternative
to solid state routes to tetrahedrite, our process is superior because it does not require the use of a
high temperature tube furnace and weeks of annealing. The yield of current solid state methods
is restricted to about 4 g per tube furnace after several days of heating, followed by several
weeks of annealing in a standard laboratory oven. Using our solvothermal process, we can heat
multiple solvothermal vessels simultaneously in a box furnace or simple lab oven, requiring
temperatures of only 155 °C for 24 hours. In addition to allowing parallel synthesis of multiple
vessels, our process requires no stirring and is expected to be scalable to larger vessels. As an
added advantage over solid state methods, our process uses metal salts as precursors rather than
high purity elemental metals.
Like the solid state material, the ZT of tetrahedrite from our solvothermal process can be
improved by ball-milling with the natural mineral tennantite in a 1:1 molar ratio to dope with
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zinc for improved properties. This means that the moles of material synthesized by heating in
the lab are ball-milled with the cheap, plentiful natural mineral to essentially double the moles of
thermoelectric material. Thus prepared, our material exhibits a ZT of 0.85 at 724 K, which is
slightly less than the ZT of 1.00 at 710 K exhibited by the similarly mixed solid state
tetrahedrite. Further, our synthesis can be doped in-situ with zinc. Our goal with this approach
was to be able to skip the ball-milling process altogether, eliminating the need for expensive high
energy ball-milling equipment with limited capacities that could serve as a bottleneck in
production. In-situ zinc doping would allow a true one-pot synthesis that could be scaled or
heated in parallel. However, the zinc compositions that we tested for in-situ doping did not lead
to better thermoelectric properties. This is likely due to the fact that we targeted the optimum
zinc composition for tetrahedrite doped by ball-milling with tennantite (x = 0.9). This is nearly
twice the mole contribution of zinc for optimum in-situ doping (x = 0.5). Therefore, further
adjustment of the doping may be required. However, in the absence of a beneficial in-situ
doping process, the solvothermal tetrahedrite could be ball-milled with the tennantite to increase
the yield and ZT as described above for cost effective production. If the adaptation of Si/Ge
systems for public use as microcoolers is any indication, then cost effective production of
tetrahedrite could result in widely available thermoelectric devices for power generation.
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ABSTRACT
NEW APPROACHES TO CHALCOGENIDE MATERIALS FOR
THERMOELECTRICS: LEAD TELLURIDE-BASED NANOSTRUCTURES AND
FACILE SYNTHESIS OF TETRAHEDRITE AND DOPED DERIVATIVES
by
DERAK JAMES
December 2015
Advisor: Dr. Stephanie L. Brock
Major: Chemsitry (Inorganic)
Degree: Doctor of Philosophy
The overall purpose of this work is to address several of the roadblocks to use of
thermoelectric materials for generation of electricity, namely inefficient processing of materials
and low performance, commonly rated by the figure of merit, ZT=T2/tot. The ZT includes 
as the Seebeck coefficient,  as electrical resistivity, T as the average temperature, and tot as
total thermal conductivity. tot is the sum of electronic charge carrier (C) and lattice (L)
contributions to thermal conductivity. Attempts to increase ZT in the literature to values >1 have
focused on decreasing the thermal conductivity via nanostructuring or optimizing the electrical
conductivity and Seebeck coefficient by doping. In this work, two separate approaches are taken
toward improved thermoelectric materials: (1) Target higher ZT by assembling lead telluride
(PbTe) nanoparticles from a multi-gram synthesis utilizing ligand stripping techniques or
deliberately including discrete lead sulfide (PbS) NCs; (2) Develop a rapid, convenient synthesis
of tetrahedrite (Cu12Sb4S13) and doped derivatives.
Approach (1):

Nanostructuring of PbTe and PbTe–PbS. Nanostructured PbTe and

nanocomposites of PbTe–PbS are hypothesized to increase ZT by lowering thermal conductivity,
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while ligand stripping of PbTe NCs by sulfide or iodide is expected to increase ZT because it has
been demonstrated to increase electrical conductivity in thin films of PbS. A new synthesis is in
demand because mixing PbTe and PbS NCs requires that the PbTe be dispersible, and literature
syntheses of such NCs suffer from small yields (<200 mg). Thus, applications of dispersible
PbTe NCs are largely limited to thin films. The ZT values of these thin films are not reported
due to difficulty in quantifying thermal conductivity. In the dissertation research, nanostructured
PbTe pellets are prepared by hot-pressing PbTe NCs after either mixing with PbS NCs by
incipient wetness, or ligand stripping with sulfide salt, iodide salt, or both. The PbTe NCs
themselves are prepared in multi-gram quantities by hot-injection methods in solution. The NCs
are characterized for crystallinity by powder X-ray Diffraction (XRD). The size and morphology
of the NCs are probed via Transmission Electron Microscopy (TEM), and their composition is
determined by Energy Dispersive Spectroscopy (EDS).

The thermoelectric properties are

studied on hot-pressed pellets of each sample. Samples demonstrate low thermal conductivity
relative to the bulk due to the nanostructured PbTe, and sulfide-stripping resulted in in-situ
growth of PbS. Incorporation of PbS results in a further decrease in thermal conductivity in both
the mixture of pre-grown PbS and PbTe NCs and the sample of PbTe NCs that is ligand stripped
with ammonium sulfide. However, ligand stripping with sulfide or iodide sources resulted in
uncontrolled doping, leading to insulating behavior and low ZT values.
Approach (2):

Developing a facile route to tetrahedrite and doped derivatives.

Tetrahedrite is exciting the thermoelectric community due to its lack of rare or toxic elements,
the tunability of its electronic properties by doping, the ability to dope by ball-milling with the
plentiful natural mineral, and the ability to achieve a ZT of unity. However, the natural mineral
is unsuitable on its own due to an excess of natural dopant, and reported tetrahedrite syntheses
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require heating at high temperature (650 °C) in a three day process followed by two weeks of
heating at 450 °C. This work establishes a new synthesis amenable to industrial production that
reduces the heating time from over 2 weeks to 2 days for simultaneous batch production at
moderate temperature (155 °C for one day and 430 °C for 30 min, cooling naturally). The
tetrahedrite powder is prepared from chloride-free metal salts and thiourea by solvothermal
methods and characterized by XRD for crystallinity.

The composition is determined by

Inductively Coupled Plasma analysis. Products from multiple batches are mixed by ball-milling
alone or combined with the natural mineral as a means to dope with Zn2+ as a solid solution. The
resulting powder is then hot-pressed to pellet form for thermoelectric characterization. The
tetrahedrite is also doped in-situ by zinc over a range of 0.79 to 1.40 mol equivalents using
chloride-free metal salts. The in-situ doping, as opposed to doping by ball-milling, did not
improve the ZT. However, the ZT of the new solvothermal tetrahedrite before doping mirrors
that of the solid state material at high temperatures, and is improved by incorporation of zinc via
ball-milling with the natural mineral. Thus, this project develops a rapid synthesis of tetrahedrite
that could serve as an alternative to much slower solid state methods.
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